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FOR 

Vitamin  C, 
Vitamin  E, 
Selenium, 
and 

Carotenoids 


N  S  T  I  T  U  T  E 


OF  MEDICINE 


FOOD  AND  NUTRITION  BOARD,  INSTITUTE  OF  MEDICINE- 
NATIONAL  ACADEMY  OF  SCIENCES 
DIETARY  REFERENCE  INTAKES: 

RECOMMENDED  INTAKES  FOR  INDIVIDUALS 


Life  Stage 
Group 

Calcium 

(mg/d) 

Phosphorus 

(mg/d) 

Magnesium 

(mg/d) 

Vitamin  D 
(pg/d)°>A 

Fluoride 

(mg/d) 

Thiamin 

(mg/d) 

Riboflavin 

(mg/d) 

Niacin 

(mg/d)‘ 

Vitamin  Bf 
(mg/d) 

Infants 

0-6  mo 

210* 

100* 

30* 

5* 

0.01* 

0.2* 

0.3* 

2* 

0.1* 

7-12  mo 

270* 

275* 

75* 

5* 

0.5* 

0.3* 

0.4* 

4* 

0.3* 

Children 

1-3  y 

500* 

460 

80 

5* 

0.7* 

0.5 

0.5 

6 

0.5 

4—8  y 

800* 

500 

130 

5* 

1* 

0.6 

0.6 

8 

0.6 

Males 

9-13  y 

1 ,300* 

1,250 

240 

5* 

2* 

0.9 

0.9 

12 

1.0 

14-18  y 

1,300* 

1,250 

410 

5* 

3* 

1.2 

1.3 

16 

1.3 

19-30  y 

1,000* 

700 

400 

5* 

4* 

1.2 

1.3 

16 

1.3 

31-50  y 

1,000* 

700 

420 

5* 

4* 

1.2 

1.3 

16 

1.3 

51-70  y 

1,200* 

700 

420 

10* 

4* 

1.2 

1.3 

16 

1.7 

>  70  y 

1,200* 

700 

420 

15* 

4* 

1.2 

1.3 

16 

1.7 

Females 

9-13  y 

1,300* 

1,250 

240 

5* 

2* 

0.9 

0.9 

12 

1.0 

14-18 y 

1,300* 

1,250 

360 

5* 

3* 

1.0 

1.0 

14 

1.2 

19-30  y 

1,000* 

700 

310 

5* 

3* 

1.1 

1.1 

14 

1.3 

31-50  y 

1,000* 

700 

320 

5* 

3* 

1.1 

1.1 

14 

1.3 

51-70  y 

1,200* 

700 

320 

10* 

3* 

1.1 

1.1 

14 

1.5 

>  70  y 

1,200* 

700 

320 

15* 

3* 

1.1 

1.1 

14 

1.5 

Pregnancy 

<  18  y 

1,300* 

1,250 

400 

5* 

3* 

1.4 

1.4 

18 

1.9 

19-30  y 

1,000* 

700 

350 

5* 

3* 

1.4 

1.4 

18 

1.9 

31-50  y 

1,000* 

700 

360 

5* 

3* 

1.4 

1.4 

18 

1.9 

Lactation 

<  18  y 

1,300* 

1,250 

360 

5* 

3* 

1.4 

1.6 

17 

2.0 

19-30  y 

1,000* 

700 

310 

5* 

3* 

1.4 

1.6 

17 

2.0 

31-50  y 

1,000* 

700 

320 

5* 

3* 

1.4 

1.6 

17 

2.0 

NOTE:  This  table  presents  Recommended  Dietary  Allowances  (RDAs)  in  bold  type  and  Ad¬ 
equate  Intakes  (AIs)  in  ordinary  type  followed  by  an  asterisk  (*).  RDAs  and  AIs  may  both  be  used 
as  goals  for  individual  intake.  RDAs  are  set  to  meet  the  needs  of  almost  all  (97  to  98  percent) 
individuals  in  a  group.  For  healthy  breastfed  infants,  the  AI  is  the  mean  intake.  The  AI  for  other 
life-stage  and  gender  groups  is  believed  to  cover  needs  of  all  individuals  in  the  group,  but  lack  of 
data  or  uncertainty  in  the  data  prevent  being  able  to  specify  with  confidence  the  percentage  of 
individuals  covered  by  this  intake. 

a  As  cholecalciferol.  1  pg  cholecalciferol  =  40  IU  vitamin  D. 
b  In  the  absence  of  adequate  exposure  to  sunlight. 

CA s  niacin  equivalents  (NE).  1  mg  of  niacin  =  60  mg  of  tryptophan;  0-6  months  =  preformed 
niacin  (not  NE) . 


<*A s  dietary  folate  equivalents  (DFE).  1  DFF 
fortified  food  or  as  a  supplement  consumed  v 
empty  stomach. 

e  Although  AIs  have  been  set  for  choline,  the 
of  choline  is  needed  at  all  stages  of  the  life  cych 
be  met  by  endogenous  synthesis  at  some  of  the 
/ As  a-tocopherol.  a-Tocopherol  includes  RRJ 
occurs  naturally  in  foods,  and  the  2f?-stereoisc 
and  /£SS-a-tocopherol)  that  occur  in  fortified 
2S-stereoisomeric  forms  of  a-tocopherol  (SRR-, 
fortified  foods  and  supplements. 


RITION  BOARD,  INSTITUTE  OF  MEDICINE- 
DEMY  OF  SCIENCES 
ENCE  INTAKES: 

»  INTAKES  FOR  INDIVIDUALS 


ium 

/d) 

Phosphorus 

(mg/d) 

Magnesium 

(mg/d) 

Vitamin  D 
(Hg/d)«.* 

Fluoride 

(mg/d) 

Thiamin 

(mg/d) 

Riboflavin 

(mg/d) 

Niacin 

(mg/d)* 

Vitamin  Bg 
(mg/d) 

Folate 

(Hg/d)‘i 

Vitamin 

(pg/d) 

0* 

100* 

30* 

5* 

0.01* 

0.2* 

0.3* 

2* 

0.1* 

65* 

0.4* 

J* 

275* 

75* 

5* 

0.5* 

0.3* 

0.4* 

4* 

0.3* 

80* 

0.5* 

0* 

460 

80 

5* 

0.7* 

0.5 

0.5 

6 

0.5 

150 

0.9 

0* 

500 

130 

5* 

1* 

0.6 

0.6 

8 

0.6 

200 

1.2 

0* 

1,250 

240 

5* 

2* 

0.9 

0.9 

12 

1.0 

300 

1.8 

0* 

1,250 

410 

5* 

3* 

'  1.2 

1.3 

16 

1.3 

400 

2.4 

0* 

700 

400 

5* 

4* 

1.2 

1.3 

16 

1.3 

400 

2.4 

0* 

700 

420 

5* 

4* 

1.2 

1.3 

16 

1.3 

400 

2.4 

')* 

700 

420 

10* 

4* 

1.2 

1.3 

16 

1.7 

400 

2AS 

0* 

700 

420 

15* 

4* 

1.2 

1.3 

16 

1.7 

400 

2.4£ 

0* 

1,250 

240 

5* 

2* 

0.9 

0.9 

12 

1.0 

300 

1.8 

0* 

1,250 

360 

5* 

3* 

1.0 

1.0 

14 

1.2 

400A 

2.4 

0* 

700 

310 

5* 

3* 

1.1 

1.1 

14 

1.3 

400a 

2.4 

0* 

700 

320 

5* 

3* 

1.1 

1.1 

14 

1.3 

400 A 

2.4 

0* 

700 

320 

10* 

3* 

1.1 

1.1 

14 

1.5 

400 

2AS 

0* 

700 

320 

15* 

3* 

1.1 

1.1 

14 

1.5 

400 

2AS 

0* 

1,250 

400 

5* 

3* 

1.4 

1.4 

18 

1.9 

600* 

2.6 

0* 

700 

350 

5* 

3* 

1.4 

1.4 

18 

1.9 

600* 

2.6 

{)* 

700 

360 

5* 

3* 

1.4 

1.4 

18 

1.9 

600* 

2.6 

0* 

1,250 

360 

5* 

3* 

1.4 

1.6 

17 

2.0 

500 

2.8 

0* 

700 

310 

5* 

3* 

1.4 

1.6 

17 

2.0 

500 

2.8 

0* 

700 

320 

5* 

3* 

1.4 

1.6 

17 

2.0 

500 

2.8 

esents  Recommended  Dietary  Allowances  (RDAs)  in  bold  type  and  Ad- 
>rdinary  type  followed  by  an  asterisk  (*).  RDAs  and  AIs  may  both  be  used 
make.  RDAs  are  set  to  meet  the  needs  of  almost  all  (97  to  98  percent) 
-’or  healthy  breastfed  infants,  the  AI  is  the  mean  intake.  The  AI  for  other 
oups  is  believed  to  cover  needs  of  all  individuals  in  the  group,  but  lack  of 
lie  data  prevent  being  able  to  specify  with  confidence  the  percentage  of 
his  intake. 

pg  cholecalciferol  =  40  IU  vitamin  D. 

{equate  exposure  to  sunlight. 

:s  (NE).  1  mg  of  niacin  =  60  mg  of  tryptophan;  0-6  months  =  preformed 


<*As  dietary  folate  equivalents  (DFE).  1  DFE  =  1  pg  food  folate  =  0.6  pg  of  1 
fortified  food  or  as  a  supplement  consumed  with  food  =  0.5  pg  of  a  supplemer 
empty  stomach. 

e  Although  AIs  have  been  set  for  choline,  there  are  few  data  to  assess  whether  a 
of  choline  is  needed  at  all  stages  of  the  life  cycle,  and  it  may  be  that  the  choline  re 
be  met  by  endogenous  synthesis  at  some  of  these  stages. 

/As  a-tocopherol.  a-Tocopherol  includes  K/lR-a-tocopherol,  the  only  form  of  a-t 
occurs  naturally  in  foods,  and  the  2/?-stereoisomeric  forms  of  a-tocopherol  (RE 
and  fiS&a-tocopherol)  that  occur  in  fortified  foods  and  supplements.  It  does  n 
2S-stereoisomeric  forms  of  a-tocopherol  (SRR-,  SSR-,  SRS-,  and  SSS-a-tocopherol) 
fortified  foods  and  supplements. 


Folate 

(pg/d)" 

Vitamin  B12 
(pg/d) 

Pantothenic 
Acid  (mg/d) 

Bioti 
(pg/ _ 

Choline* 

(mg/d) 

Vitamin  C 
(mg/d) 

Vitamin  E / 
(mg/d) 

Selenium 

(pg/d) 

Life  Stage 
Group 

65* 

0.4* 

1  7* 

5* 

6* 

8*  ! 

12* 

125* 

40* 

4* 

15* 

Infants 
'0-6  mo 

80* 

0.5* 

1.8* 

150* 

50* 

6* 

20* 

7-12  mo 

150 

0.9 

2* 

200* 

15 

6 

20 

Children 

1-3  y 

200 

1.2 

3* 

250* 

25 

7 

30 

4-8  y 

300 

1.8 

4* 

20* 

25* 

30* 

30* 

30* 

30* 

20* 

25* 

30* 

375* 

45 

11 

40 

Males 

9-13  y 

400 

2.4 

5* 

550*  ' 

75 

15 

55 

14-18 y 

400 

2.4 

5* 

550* 

90 

15 

55 

19-30  y 

400 

2.4 

5* 

550* 

90 

15 

55 

31-50  y 

400 

2.4? 

5* 

550* 

90 

15 

55 

51-70 y 

400 

2.4? 

5* 

550* 

90 

15 

55 

>  70  y 

300 

1.8 

4* 

375* 

45 

11 

40 

Females 
9-13  y 

400 

2.4 

5* 

400* 

65 

15 

55 

14-18 y 

400  ^ 

2.4 

5* 

425* 

75 

15 

55 

19-30  y 

400* 

2.4 

5* 

30* 

30* 

425* 

75 

15 

55 

31-50  y 

400 

2.4? 

5* 

425* 

75 

15 

55 

51-70  y 

400 

2.4? 

5* 

30* 

425* 

75 

15 

55 

>  70  y 

600* 

2.6 

6* 

30* 

30* 

30* 

35* 

35* 

35* 

450* 

80 

15 

60 

Pregnancy 
<  18  y 

600* 

2.6 

6* 

450* 

85 

15 

60 

19-30  y 

600* 

2.6 

6* 

450* 

85 

15 

60 

31-50  y 

500 

2.8 

7* 

550* 

115 

19 

70 

Lactation 
<  18  y 

500 

2.8 

7* 

550* 

120 

19 

70 

19-30  y 

500 

2.8 

7* 

550* 

120 

19 

70 

31-50  y 

1  Mg  food  folate  =  0.6  pg  of  folic  acid  from 
food  =  0.5  jig  of  a  supplement  taken  on  an 

are  few  data  to  assess  whether  a  dietary  supply 
nd  it  may  be  that  the  choline  requirement  can 
cages. 

tocopherol,  the  only  form  of  a-tocopherol  that 
nc  forms  of  a-tocopherol  (RRR-,  RSR- ,  RRS-, 
ds  and  supplements.  It  does  not  include  the 
SRS-,  and  .S.S  W.-tocopherol) ,  also  found  in 


?  Because  10  to  30  percent  of  older  people  may  malabsorb  food-bound  Bj2,  it  is  advisable  for 
those  older  than  50  years  to  meet  their  RDA  mainly  by  consuming  foods  fortified  with  Bjg  or  a 
supplement  containing  Bj2* 

A  In  view  of  evidence  linking  folate  intake  with  neural  tube  defects  in  the  fetus,  it  is  recom¬ 
mended  that  all  women  capable  of  becoming  pregnant  consume  400  pg  from  supplements  or 
fortified  foods  in  addition  to  intake  of  food  folate  from  a  varied  diet. 

1  It  is  assumed  that  women  will  continue  consuming  400  pg  from  supplements  or  fortified  food 
until  their  pregnancy  is  confirmed  and  they  enter  prenatal  care,  which  ordinarily  occurs  after  the 
end  of  the  periconceptional  period— the  critical  time  for  formation  of  the  neural  tube. 
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Preface 


This  report  is  one  of  a  series  that  presents  a  comprehensive  set  of 
reference  values  for  nutrient  intakes  for  healthy  U.S  and  Canadian 
populations.  It  is  a  product  of  the  Food  and  Nutrition  Board  of  the 
Institute  of  Medicine  working  in  cooperation  with  scientists  from 
Canada. 

The  report  establishes  a  set  of  reference  values  for  vitamin  C, 
vitamin  E,  and  selenium  to  replace  previously  published  Recom¬ 
mended  Dietary  Allowances  (RDAs)  and  Recommended  Nutrient 
Intakes  (RNIs)  for  the  United  States  and  Canada  and  examines 
data  about  p-carotene  and  the;  other  carotenoids  (a-carotene,  p- 
cryptoxanthin,  lutein,  lycopene,  and  zeaxanthin).  Evidence  has 
been  reviewed  regarding  the  impact  of  these  compounds  on  chron¬ 
ic  disease  along  with  their  roles  related  to  deficiency  states.  Al¬ 
though  the  reference  values  are  based  on  data,  the  data  were  often 
scanty  or  drawn  from  studies  that  had  limitations  in  addressing  the 
various  questions  that  needed  to  be  dealt  with  in  order  to  develop 
reference  values  for  these  nutrients  and  food  components.  Thus, 
scientific  judgment  was  required  in  setting  the  reference  values. 
The  reasoning  used  is  described  for  each  nutrient  in  Chapters  5 
through  8. 

These  compounds,  vitamin  C,  vitamin  E,  selenium,  P-carotene  and 
other  carotenoids,  have  been  termed  “dietary  antioxidants”  some¬ 
what  loosely  by  many.  There  has  been  intense  interest  by  the  public 
and  the  media  in  the  possibility  that  increased  intakes  of  dietary 
antioxidants  protect  against  chronic  disease.  Many  research  pro¬ 
grams  are  under  way  in  this  area. 
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Epidemiological  evidence  suggests  that  the  consumption  of  fruits 
and  vegetables  reduces  the  risk  of  both  cancer  and  cardiovascular 
disease,  and  it  has  been  hypothesized  that  this  is  due  in  part  to  the 
presence  of  compounds  with  antioxidant  properties  found  in  these 
food  groups.  While  dietary  antioxidants  is  a  convenient  generic  ti¬ 
tle,  these  compounds  are  multifunctional,  and  some  of  the  actions 
observed  in  vivo  may  not  represent  an  antioxidant  function,  even 
though  the  compounds  have  been  frequently  classified  as  antioxi¬ 
dant  nutrients. 

Although  a  definition  of  a  dietary  antioxidant  is  provided  in  this 
report  at  the  specific  request  of  the  federal  agencies,  the  above 
compounds  were  evaluated  with  respect  to  their  role  in  human  nu¬ 
trition,  without  limiting  the  criteria  to  antioxidant  properties  or  to 
only  those  compounds  or  nutrients  which  met  the  definition.  Data 
were  reviewed  regarding  the  minimum  amount  of  these  compounds 
required  to  prevent  deficiency  diseases,  as  well  as  the  amounts  that 
might  impact  on  chronic  diseases  regardless  of  whether  or  not  the 
putatively  protective  mechanisms  involved  antioxidant  properties. 
Thus,  a  major  task  of  the  Panel  on  Dietary  Antioxidants  and  Relat¬ 
ed  Compounds,  the  Subcommittee  on  Upper  Reference  Levels  of 
Nutrients  (UL  Subcommittee),  the  Subcommittee  on  Interpreta¬ 
tion  and  Uses  of  Dietary  Reference  Intakes  (Uses  Subcommittee), 
and  the  Standing  Committee  on  the  Scientific  Evaluation  of  Dietary 
Reference  Intakes  (DRI  Committee)  was  to  analyze  the  evidence  on 
beneficial  and  adverse  effects  of  various  intakes  of  vitamin  C,  vita¬ 
min  E,  selenium,  and  p-carotene  in  the  context  of  setting  Dietary 
Reference  Intakes  (DRIs)  for  these  compounds. 

Many  of  the  questions  raised  about  requirements  for  and  recom¬ 
mended  intakes  of  these  nutrients  cannot  be  answered  fully  be¬ 
cause  of  inadequacies  in  the  present  database.  Apart  from  studies  of 
overt  deficiency  disease,  there  is  a  dearth  of  studies  that  address 
specific  effects  of  inadequate  intakes  on  specific  indicators  of  health 
status.  For  these  compounds,  there  is  no  direct  information  that 
permits  estimating  the  amounts  required  by  children,  adolescents, 
lactating  women,  and  the  elderly.  For  p-carotene,  data  useful  for 
the  setting  of  Tolerable  Upper  Intake  Levels  (ULs)  are  inconsistent 
and  for  the  other  carotenoids  data  are  sparse,  precluding  reliable 
estimates  of  the  minimum  intake  above  which  there  is  the  risk  of 
adverse  effects.  For  some  of  these  nutrients,  there  are  questions 
about  how  much  is  contained  in  the  food  North  Americans  eat. 
Thus,  another  major  task  of  the  report  was  to  outline  a  research 
agenda  to  provide  a  basis  for  public  policy  decisions  related  to  rec- 
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ommended  intakes  of  vitamin  C,  vitamin  E,  selenium,  and  the  caro¬ 
tenoids  and  ways  to  achieve  those  intakes. 

The  process  for  establishing  DRIs  is  an  iterative  process  and  is 
thus  evolving  as  the  conceptual  framework  is  applied  to  new  nutri¬ 
ents  and  food  components.  With  more  experience,  the  proposed 
models  for  establishing  reference  intakes  for  use  with  nutrients  and 
food  components  that  play  a  role  in  health  will  be  refined.  Also,  as 
new  information  or  new  methods  of  analysis  are  adopted,  these 
reference  values  undoubtedly  will  be  reassessed. 

Because  the  project  is  ongoing  as  indicated  above,  many  com¬ 
ments  were  solicited  and  have  been  received  on  the  two  reports 
previously  published  {Dietary  Reference  Intakes  for  Calcium ,  Phosphorus, 
Magnesium,  Vitamin  D,  and  Fluoride  and  Dietary  Reference  Intakes  for 
Thiamin,  Riboflavin,  Niacin,  Vitamin  B6,  Folate,  Vitamin  B}2,  Pantothen¬ 
ic  Acid,  Biotin,  and  Choline) .  Refinements  have  been  included  in  the 
general  discussion  regarding  approaches  used  (Chapters  1  through 
4)  and  in  the  discussion  of  uses  of  DRIs  (Chapter  9  in  this  report). 
For  example,  it  is  now  clearly  stated  that  animal  data  can  be  used  as 
the  critical  adverse  effect  in  setting  a  UL  for  a  nutrient. 

Among  the  comments  received  to  date  have  been  requests  for 
additional  guidance  in  the  practical  application  of  DRIs.  The  Uses 
Subcommittee,  conceptually  included  since  the  beginning  of  the 
DRI  process,  was  formed  subsequent  to  the  release  of  the  first  two 
reports.  Although  their  activities  will  involve  reports  specifically  ad¬ 
dressing  the  rationale  for  using  DRIs  for  assessing  intake  and  plan¬ 
ning,  in  this  report  Chapter  9  addresses  some  of  the  major  issues 
that  relate  to  the  anticipated  uses  and  applications  of  reference 
values. 

This  report  reflects  the  work  of  the  Food  and  Nutrition  Board’s 
DRI  Committee,  its  expert  Panel  on  Dietary  Antioxidants  and  Relat¬ 
ed  Compounds,  UL  Subcommittee,  and  Uses  Subcommittee.  It  is 
important  to  acknowledge  the  support  of  the  government  of  Cana¬ 
da  and  Canadian  scientists  in  this  initiative,  which  represents  a 
pioneering  first  step  in  the  standardization  of  nutrient  reference 
intakes  at  least  within  a  major  part  of  one  continent.  A  brief  de¬ 
scription  of  the  overall  project  of  the  DRI  Committee  and  of  the 
panel’s  task  are  given  in  Appendix  A.  It  is  hoped  that  the  critical, 
comprehensive  analyses  of  available  information  and  of  knowledge 
gaps  in  this  initial  series  of  reports  will  greatly  assist  the  private 
sector,  foundations,  universities,  government  laboratories,  and  oth¬ 
er  institutions  with  the  development  of  a  productive  research  agen¬ 
da  for  the  next  decade. 
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Summary 


This  report  provides  quantitative  recommendations  for  the  intake 
of  vitamin  C,  vitamin  E,  and  selenium.  It  also  discusses  p-carotene 
and  other  carotenoids  (a-carotene,  p-cryptoxanthin,  lutein,  lyco¬ 
pene,  and  zeaxanthin)  but  does  not  provide  quantitative  recom¬ 
mendations  for  their  intake.  It  is  one  volume  in  a  series  of  reports 
that  presents  dietary  reference  values  for  the  intake  of  nutrients  by 
Americans  and  Canadians.  The  development  of  Dietary  Reference 
Intakes  (DRIs)  expands  and  replaces  the  series  of  Recommended 
Dietary  Allowances  (RDAs)  in  the  United  States  and  Recommend¬ 
ed  Nutrient  Intakes  (RNIs)  in  Canada.  The  report  includes  current 
concepts  about  the  roles  vitamin  C,  vitamin  E,  selenium,  and  P~ 
carotene  and  the  other  carotenoids  play  in  long-term  health,  going 
beyond  a  review  of  the  roles  they  are  known  to  play  in  traditional 
deficiency  diseases.  A  major  impetus  for  the  expansion  of  this  re¬ 
view  is  the  growing  recognition  of  the  many  uses  to  which  RDAs 
and  RNIs  have  been  applied,  and  a  growing  awareness  that  many  of 
these  uses  require  the  application  of  statistically  valid  methods  that 
depend  on  reference  values  other  than  recommended  nutrient  in¬ 
takes. 

The  overall  project  is  a  comprehensive  effort  undertaken  by  the 
Standing  Committee  on  the  Scientific  Evaluation  of  Dietary  Refer¬ 
ence  Intakes  (DRI  Committee)  of  the  Food  and  Nutrition  Board, 
Institute  of  Medicine,  the  National  Academies,  with  active  involve¬ 
ment  of  Health  Canada.  (See  Appendix  A  for  a  description  of  the 
overall  process  and  its  origins.)  This  study  was  requested  by  the 
Federal  Project  Steering  Committee  for  Dietary  Reference  Intakes 
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(see  Appendix  B  for  membership),  which  is  coordinated  by  the 
Office  of  Disease  Prevention  and  Health  Promotion  of  the  U.S.  De¬ 
partment  of  Health  and  Human  Services,  in  collaboration  with 
Health  Canada. 

Major  new  recommendations  in  this  report  include  the  following: 

•  A  definition  of  a  dietary  antioxidant  is  provided. 

•  The  Recommended  Dietary  Allowance  (RDA)  for  vitamin  E 
and  selenium  is  the  same  for  adult  men  and  women  regardless  of 
age,  representing  the  lack  of  specificity  in  data  available. 

•  The  Recommended  Dietary  Allowance  (RDA)  for  vitamin  C 
is  different  for  adult  men  and  women  due  to  women’s  smaller  lean 
body  mass. 

•  a-Tocopherol  alone  is  used  for  estimating  vitamin  E  require¬ 
ments  and  recommending  daily  vitamin  E  intake,  since  the  other 
naturally  occurring  forms  of  vitamin  E  (p-,  y-,  and  5-tocopherols 
and  the  tocotrienols)  are  not  converted  to  a-tocopherol  in  the  hu¬ 
man  and  are  recognized  poorly  by  the  a-tocopherol  transfer  pro¬ 
tein  in  the  liver. 

•  Tolerable  Upper  Intake  Levels  (ULs)  for  vitamin  C,  vitamin 
E,  and  selenium  are  established. 

•  Research  recommendations  for  full-scale  intervention  trials 
to  test  the  preventive  potential  of  vitamin  C,  vitamin  E,  selenium, 
and  p-carotene  and  other  carotenoids  for  chronic  disease  are  out¬ 
lined.  At  the  present  time,  there  is  no  resolution  of  the  possible 
impact  of  these  nutrients  or  food  components  on  chronic  disease. 

WHAT  ARE  DIETARY  REFERENCE  INTAKES? 

Dietary  Reference  Intakes  (DRIs)  are  reference  values  that  are  quanti¬ 
tative  estimates  of  nutrient  intakes  to  be  used  for  planning  and 
assessing  diets  for  apparently  healthy  people.  They  include  Recom¬ 
mended  Dietary  Allowances  (RDAs)  as  well  as  three  other  types  of 
reference  values  (see  Box  S-l).  Although  the  reference  values  are 
based  on  published  data,  the  data  were  often  scanty  or  drawn  from 
studies  that  had  limitations  in  addressing  the  question.  Thus,  scien¬ 
tific  judgment  was  required  for  evaluating  the  evidence  and  in  set¬ 
ting  the  reference  values  and  is  delineated  for  each  nutrient  in 
Chapters  5  through  8. 

Recommended  Dietary  Allowances 

The  process  for  setting  the  RDA  depends  on  being  able  to  set  an 
Estimated  Average  Requirement  (EAR) .  Before  setting  the  EAR,  a  spe- 
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Box  S-l  Dietary  Reference  Intakes 

Recommended  Dietary  Allowance  (RDA):  the  dietary  intake  level  that  is  sufficient 
to  meet  the  nutrient  requirement  of  nearly  all  (97  to  98  percent)  healthy 
individuals  in  a  particular  life  stage  and  gender  group. 

Adequate  Intake  (AI):  a  recommended  intake  value  based  on  observed  or  ex¬ 
perimentally  determined  approximations  or  estimates  of  nutrient  intake  by 
a  group  (or  groups)  of  healthy  people  that  are  assumed  to  be  adequate — 
used  when  an  RDA  cannot  be  determined. 

Tolerable  Upper  Intake  Level  (UL):  the  highest  level  of  nutrient  intake  that  is 
likely  to  pose  no  risk  of  adverse  health  effects  for  almost  all  individuals  in  the 
general  population.  As  intake  increases  above  the  UL,  the  risk  of  adverse 
effects  increases. 

Estimated  Average  Requirement  (EAR):  a  nutrient  intake  value  that  is  estimated 
to  meet  the  requirement  of  half  the  healthy  individuals  in  a  life  stage  and 
gender  group. 


cific  criterion  of  adequacy  is  selected,  based  on  a  careful  review  of 
the  literature.  When  selecting  the  criterion,  reduction  of  disease 
risk  is  considered  along  with  many  other  health  parameters. 

If  the  standard  deviation  (SD)  of  the  EAR  is  available  and  the 
requirement  for  the  nutrient  is  symmetrically  distributed,  the  RDA 
is  set  at  2  SDs  above  the  EAR: 

RDA  =  EAR  +  2  SDEAR. 

If  data  about  variability  in  requirements  are  insufficient  to  calcu¬ 
late  an  SD,  a  coefficient  of  variation  (CV)  for  the  EAR  of  10  percent 
is  ordinarily  assumed,  unless  available  data  indicate  a  greater  varia¬ 
tion  is  probable. 

If  10  percent  is  assumed  to  be  the  CV,  then  twice  that  amount 
added  to  the  EAR  is  defined  as  equal  to  the  RDA.  The  resulting 
equation  for  the  RDA  is  then 

RDA  =  1.2  x  EAR. 

If  the  distribution  of  the  nutrient  requirement  is  known  to  be 
skewed  for  a  population,  other  approaches  are  used  to  find  the 
ninety-seventh  to  ninety-eighth  percentile  to  set  the  RDA.  The  RDA 
for  a  nutrient  is  a  value  to  be  used  as  a  goal  for  dietary  intake  for  the 
healthy  individual.  As  discussed  in  Chapter  9  of  this  report,  the 
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RDA  is  not  intended  to  be  used  to  assess  the  diets  of  either  individ¬ 
uals  or  groups  or  to  plan  diets  for  groups. 

Adequate  Intakes 

The  Adequate  Intake  (AI)  is  set  instead  of  an  RDA  if  sufficient  scien¬ 
tific  evidence  is  not  available  to  calculate  an  EAR.  For  example,  the 
AI  for  young  infants,  for  whom  human  milk  is  the  recommended 
sole  source  of  food  for  most  nutrients  up  through  the  first  4  to  6 
months,  is  based  on  the  daily  mean  nutrient  intake  of  apparently 
healthy,  full-term  infants  who  receive  only  human  milk.  The  main 
intended  use  of  the  AI  is  as  a  goal  for  the  nutrient  intake  of  individ¬ 
uals.  Other  uses  of  AIs  will  be  considered  in  future  reports. 

Comparison  of  RD As  and  AIs 

Although  both  the  RDA  and  the  AI  are  to  be  used  as  a  goal  for 
intake  by  individuals,  the  RDA  differs  from  the  AI.  Intake  of  the 
RDA  for  a  nutrient  is  expected  to  meet  the  needs  of  97  to  98  per¬ 
cent  of  the  individuals  in  a  life  stage  and  gender  group.  However, 
because  no  distribution  of  requirements  is  known  for  nutrients  with 
an  AI,  it  is  not  possible  to  know  what  percentage  of  individuals  are 
covered  by  the  AI.  In  determining  the  AI  for  a  nutrient,  it  is  expect¬ 
ed  to  exceed  the  RDA  for  that  nutrient,  if  it  were  known,  and  should 
cover  the  needs  of  more  than  97  to  98  percent  of  the  individuals 
(see  Figure  S-l).  The  degree  to  which  an  AI  exceeds  the  RDA  is 
likely  to  differ  among  nutrients  and  population  groups,  however. 

For  people  with  diseases  that  increase  specific  nutrient  require¬ 
ments  or  those  who  have  other  special  health  needs,  the  RDA  and 
AI  may  each  serve  as  the  basis  for  adjusting  individual  recommen¬ 
dations;  qualified  health  professionals  should  adapt  the  recom¬ 
mended  intake  to  cover  higher  or  lower  needs. 

Tables  S-l  through  S-3  give  the  recommended  intake  levels, 
whether  RDAs  or  AIs,  for  vitamin  C,  vitamin  E  (a-tocopherol),  and 
selenium  by  life  stage  and  gender  group.  For  these  nutrients,  AIs 
rather  than  RDAs  are  being  proposed  for  infants  to  age  1  year. 

Tolerable  Upper  Intake  Levels 

The  Tolerable  Upper  Intake  Level  (UL)  is  the  highest  level  of  daily 
nutrient  intake  that  is  likely  to  pose  no  risk  of  adverse  health  effects 
for  almost  all  individuals  in  the  general  population.  As  intake  in¬ 
creases  above  the  UL,  the  risk  of  adverse  effects  increases.  The  term 
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FIGURE  S-l  Dietary  reference  intakes.  This  figure  shows  that  the  Estimated  Aver¬ 
age  Requirement  (EAR)  is  the  intake  at  which  the  risk  of  inadequacy  is  0.5  (50%) 
to  an  individual.  The  Recommended  Dietary  Allowance  (RDA)  is  the  intake  at 
which  the  risk  of  inadequacy  is  very  small — only  0.02  to  0.03  (2%  to  3%).  The 
Adequate  Intake  (AI)  does  not  bear  a  consistent  relationship  to  the  EAR  or  the 
RDA  because  it  is  set  without  being  able  to  estimate  the  average  requirement.  It  is 
assumed  that  the  AI  is  at  or  above  the  RDA  if  one  could  be  calculated.  At  intakes 
between  the  RDA  and  the  Tolerable  Upper  Intake  Level  (UL),  the  risks  of  inade¬ 
quacy  and  of  excess  are  both  close  to  0.  At  intakes  above  the  UL,  the  risk  of  adverse 
effects  may  increase. 


“tolerable  intake”  was  chosen  to  avoid  implying  a  possible  beneficial 
effect.  Instead,  the  term  is  intended  to  connote  a  level  of  intake 
that  can,  with  high  probability,  be  tolerated  biologically.  The  UL  is 
not  intended  to  be  a  recommended  level  of  intake.  There  is  no 
established  benefit  for  apparently  healthy  individuals  if  they  con¬ 
sume  nutrient  intakes  above  the  RDA  or  AI. 

ULs  are  useful  because  of  the  increased  interest  in  and  availability 
of  fortified  foods  and  the  increased  use  of  dietary  supplements.  ULs 
are  based  on  total  intake  of  a  nutrient  from  food,  water,  and  supple¬ 
ments  if  adverse  effects  have  been  associated  with  total  intake.  How¬ 
ever,  if  adverse  effects  have  been  associated  with  intake  from  sup¬ 
plements  or  food  fortificants  only,  the  UL  is  based  on  nutrient 
intake  from  these  sources  only,  rather  than  on  total  intake.  The  UL 
applies  to  chronic  daily  use. 

For  some  nutrients  such  as  (3-carotene  and  other  carotenoids, 
there  are  insufficient  data  with  which  to  develop  a  UL.  This  does 
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DIETARY  REFERENCE  INTAKES 


TABLE  S-l  Criteria  and  Dietary  Reference  Intake  Values  for 
Vitamin  C  by  Life  Stage  and  Gender  Group 


Life  Stage  Group  Criterion 


0  through  6  mo 

Human  milk  content 

7  through  12  mo 

Human  milk  +  solid  food 

1  through  3  y 

Extrapolation  from  adult 

4  through  8  y 

Extrapolation  from  adult 

9  through  13  y 

Extrapolation  from  adidt 

14  through  18  y 

Extrapolation  from  adidt 

19  through  30  y 

Near-maximal  neutrophil  concentration 

31  through  50  y 

Extrapolation  of  near-maximal  neutrophil  concentration 

from  19  through  30  y 

51  through  70  y 

Extrapolation  of  near-maximal  neutrophil  concentration 

from  19  through  30  y 

>70  y  Extrapolation  of  near-maximal  neutrophil  concentration 

from  19  through  30  y 


Pregnancy 

<18  y  Extrapolation  of  near-maximal  neutrophil  concentration 

plus  transfer  to  the  fetus 

19  through  50  y  Extrapolation  of  near-maximal  neutrophil  concentration 

plus  transfer  to  the  fetus 


Lactation 
<18  y 

19  through  50  y 


Human  milk  content  +  age  specific  requirement 
Human  milk  content  +  age  specific  requirement 


«EAR  =  Estimated  Average  Requirement.  The  intake  that  meets  the  estimated  nutri¬ 
ent  needs  of  half  of  the  individuals  in  a  group. 

*RDA  =  Recommended  Dietary  Allowance.  The  intake  that  meets  the  nutrient  needs 
of  almost  all  (97-98  percent)  individuals  in  a  group. 

c  AI  =  Adequate  Intake.  The  observed  average  or  experimentally  set  intake  by  a 


not  mean  that  there  is  no  potential  for  adverse  effects  resulting 
from  high  intake.  When  data  about  adverse  effects  are  extremely 
limited,  extra  caution  may  be  warranted. 

APPROACH  FOR  SETTING  DIETARY  REFERENCE  INTAKES 

The  scientific  data  used  to  develop  Dietary  Reference  Intakes 
(DRIs)  have  come  from  observational  and  experimental  studies. 
Studies  published  in  peer-reviewed  journals  were  the  principal 
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EAR  (mg/d)° 

RDA  (mg/d)*’ 

AI  (mg/d)c 

Male 

Female 

Male 

Female 

Male 

Female 

40 

40 

50 

50 

13 

13 

15 

15 

22 

22 

25 

25 

39 

39 

45 

45 

63 

56 

75 

65 

75 

60 

90 

75 

75 

60 

90 

75 

75 

60 

90 

75 

75 

60 

90 

75 

66 

80 

70 

85 

96 

115 

100 

120 

defined  population  or  subgroup  that  appears  to  sustain  a  defined  nutritional  status, 
such  as  growth  rate,  normal  circulating  nutrient  values,  or  other  functional  indicators 
of  health.  An  AI  is  used  if  sufficient  scientific  evidence  is  not  available  to  derive  an  EAR. 
For  healthy  human  milk-fed  infants,  the  AI  is  the  mean  intake.  The  AI  is  not  equivalent 
to  an  RDA. 


source  of  data.  Life  stage  and  gender  were  considered  to  the  extent 
possible,  but  the  data  did  not  provide  a  basis  for  proposing  different 
requirements  for  men  and  for  nonpregnant  and  nonlactating  wom¬ 
en  in  different  age  groups  for  any  of  the  nutrients  except  vitamin  C. 

Three  of  the  categories  of  reference  values  (Estimated  Average 
Requirement  [EAR],  Recommended  Dietary  Allowance  [RDA], 
and  Adequate  Intake  [AI] )  are  defined  by  specific  criteria  of  nutri¬ 
ent  adequacy;  the  fourth  (Tolerable  Upper  Intake  Level  [UL])  is 
defined  by  a  specific  endpoint  of  adverse  effect,  when  one  is  avail- 
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TABLE  S-2  Criteria  and  Dietary  Reference  Intake  Values  for 
a-Tocopherol"  by  Life  Stage  Group 


Life  Stage  Group* 

Criterion 

0  through  6  mo 

Human  milk  content 

7  through  12  mo 

Extrapolation  from  0  to  6  mo 

1  through  3  y 

Extrapolation  from  adult 

4  through  8  y 

Extrapolation  from  adult 

9  through  13  y 

Extrapolation  from  adult 

14  through  18  y 

Extrapolation  from  adult 

19  through  30  y 

Prevention  of  hydrogen  peroxide-induced  hemolysis 

31  through  50  y 

Extrapolation  of  hydrogen  peroxide-induced  hemolysis 
from  19  through  30  y 

51  through  70  y 

Extrapolation  of  hydrogen  peroxide-induced  hemolysis 
from  19  through  30  y 

>70  y 

Extrapolation  of  hydrogen  peroxide-induced  hemolysis 
from  19  through  50  y 

Pregnancy  | 

<18  y 

Plasma  concentration 

19  through  50  y 

Plasma  concentration  ! 

Lactation  1 

<18  y 

Human  milk  content  +  age  specific  requirement 

19  through  50  y 

Human  milk  content  +  age  specific  requirement 

a  oc-Tocopherol  includes  RRRol -tocopherol,  the  only  form  of  a-tocopherol  that  occurs 
naturally  in  foods,  and  the  2/?-stereoisomeric  forms  of  a-tocopherol  ( RRR- ,  RSR-,  RRS-, 
and  TiSS-a-tocopherol)  that  occur  in  fortified  foods  and  supplements.  Does  not  include 
the  2S-stereoisomeric  forms  of  a-tocopherol  ( SRR- ,  SSR-,  SRS-,  and  YS’Ya-tocophcroI) , 
also  found  in  fortified  foods  and  supplements.  The  2/?-stereoisomcric  forms  of  a- 
tocopherol,  as  defined  in  this  report,  are  the  only  forms  of  Vitamin  E  that  have  been 
shown  to  meet  human  requirements. 

^  All  groups  except  Pregnancy  and  Lactation  are  males  and  females. 

CEAR  =  Estimated  Average  Requirement.  The  intake  that  meets  the  estimated  nutri¬ 
ent  needs  of  half  of  the  individuals  in  a  group,  men  and  women  combined. 


able.  In  all  cases,  data  were  examined  closely  to  determine  wheth¬ 
er  an  antioxidant  function  or  a  reduction  of  risk  of  a  chronic  de¬ 
generative  disease  could  be  used  as  a  criterion  of  adequacy.  The 
quality  of  studies  was  examined  by  considering  study  design;  meth¬ 
ods  used  for  measuring  intake  and  indicators  of  adequacy;  and  bi¬ 
ases,  interactions,  and  confounding  factors. 

Although  the  reference  values  are  based  on  data,  the  data  were 
often  scanty  or  drawn  from  studies  that  had  limitations  in  address¬ 
ing  the  various  questions  that  confronted  the  panel.  Therefore, 
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EAR  (mg/d)c 

RDA  (mg/d)d 

AI  (mg/d)* 

4 

6 

5 

6 

6 

7 

9 

11 

12 

15 

12 

15 

12 

15 

12 

15 

12 

15 

12 

15 

12 

15 

16 

19 

16 

19 

d  RDA  =  Recommended  Dietary  Allowance.  The  intake  that  meets  the  nutrient  needs 
of  almost  all  (97-98  percent)  individuals  in  a  group. 

e  AI  =  Adequate  Intake.  The  observed  average  or  experimentally  set  intake  by  a  de¬ 
fined  population  or  subgroup  that  appears  to  sustain  a  defined  nutritional  status,  such 
as  growth  rate,  normal  circulating  nutrient  values,  or  other  functional  indicators  of 
health.  An  AI  is  used  if  sufficient  scientific  evidence  is  not  available  to  derive  an  EAR. 
For  healthy  human  milk-fed  infants,  the  AI  is  the  mean  intake.  The  AI  is  not  equivalent 
to  an  RDA. 


many  of  the  questions  raised  about  the  requirements  for  and  rec¬ 
ommended  intakes  of  these  nutrients  cannot  be  answered  fully  be¬ 
cause  of  inadequacies  in  the  present  database.  Apart  from  studies  of 
overt  deficiency  diseases,  there  is  a  dearth  of  studies  that  address 
specific  effects  of  inadequate  intakes  on  specific  indicators  of  health 
status.  (A  research  agenda  is  proposed;  see  Chapter  10.)  After  care¬ 
ful  review  and  analysis  of  the  evidence,  including  examination  of 
the  extent  of  congruence  of  findings,  scientific  judgment  was  used 
to  determine  the  basis  for  establishing  the  values.  The  reasoning 
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TABLE  S-3  Criteria  and  Dietary  Reference  Intake  Values  for 
Selenium  by  Life  Stage  Group 


Life  Stage  Group" 

Criterion 

0  through  6  mo 

Human  milk  content 

7  through  12  mo 

Human  milk  +  solid  food 

1  through  3  y 

Extrapolation  from  adult 

4  through  8  y 

Extrapolation  from  adult 

9  through  13  y 

Extrapolation  from  adidt 

14  through  18  y 

Extrapolation  from  adult 

19  through  30  y 

Maximizing  plasma  glutathione  peroxidase  activity 

31  through  50  y 

Extrapolation  of  plasma  glutathione  peroxidase  activity 
from  19  through  30  y 

51  through  70  y 

Extrapolation  of  plasma  glutathione  peroxidase  activity 
from  19  through  30  y 

>70  y 

Extrapolation  of  plasma  glutathione  peroxidase  activity 
from  19  through  30  y 

Pregnancy 

<18  y 

Saturation  of  fetal  selenoprotein 

19  through  50  y 

Saturation  of  fetal  selenoprotein 

Lactation 

<18  y 

Human  milk  content  +  age  specific  requirement 

19  through  50  y 

Human  milk  content  +  age  specific  requirement  , 

n  All  groups  except  Pregnancy  and  Lactation  are  males  and  females. 

^EAR  =  Estimated  Average  Requirement.  The  intake  that  meets  the  estimated  nutri¬ 
ent  needs  of  half  of  the  individuals  in  a  group,  men  and  women  combined. 

CRDA  =  Recommended  Dietary  Allowance.  The  intake  that  meets  the  nutrient  needs 
of  almost  all  (97-98  percent)  individuals  in  a  group. 

d  AI  =  Adequate  Intake.  The  observed  average  or  experimentally  set  intake  by  a 


used  is  described  for  each  nutrient  in  Chapters  5  through  8.  While 
the  various  recommendations  are  provided  as  single  rounded  num¬ 
bers  for  practical  considerations,  it  is  acknowledged  that  these  val¬ 
ues  imply  a  precision  not  fully  justified  by  the  underlying  data  in 
the  case  of  currently  available  human  studies. 

In  this  report,  the  scientific  evidence  related  to  the  prevention  of 
chronic  degenerative  disease  was  judged  to  be  too  nonspecific  to  be 
used  as  the  basis  for  setting  any  of  the  recommended  levels  of  in¬ 
take.  Furthermore,  a  quantitative  relationship  between  the  bio¬ 
markers  of  antioxidant  function  and  the  prevention  of  chronic 
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EAR  (vig/d)* 

RDA  (pg/ d)c 

AI  (,ig/d)<* 

15 

20 

17 

20 

23 

30 

35 

40 

45 

55 

45 

55 

45 

55 

45 

55 

45 

55 

49 

60 

49 

60 

59 

70 

59 

70 

defined  population  or  subgroup  that  appears  to  sustain  a  defined  nutritional  status, 
such  as  growth  rate,  normal  circulating  nutrient  values,  or  other  functional  indicators 
of  health.  An  AI  is  used  if  sufficient  scientific  evidence  is  not  available  to  derive  an  EAR. 
For  healthy  human  milk-fed  infants,  the  AI  is  the  mean  intake.  The  AI  is  not  equivalent 
to  an  RDA. 


degenerative  disease  was  lacking.  Thus,  for  vitamin  C,  vitamin  E, 
and  selenium,  EARs  and  RDAs  are  based  on  criteria  specifically 
related  to  their  general  functions.  For  all  of  these  nutrients,  the 
EAR  is  higher  than  the  amount  needed  to  prevent  overt  deficiency 
diseases  in  essentially  all  individuals  in  the  life  stage  group  and  is 
based  on  limited  data  indicating  laboratory  evidence  of  sufficiency. 
At  this  time,  no  DRIs  have  been  set  for  any  of  the  carotenoids.  The 
indicators  used  in  deriving  the  EARs  and  thus  the  RDAs  are  de¬ 
scribed  below. 
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NUTRIENT  FUNCTIONS  AND  THE  INDICATORS  USED  TO 
ESTIMATE  REQUIREMENTS  FOR  VITAMIN  C,  VITAMIN  E, 
SELENIUM,  AND  THE  CAROTENOIDS 

Vitamin  C  (ascorbic  acid)  functions  physiologically  as  a  water- 
soluble  antioxidant  by  virtue  of  its  high  reducing  power.  To  pro¬ 
vide  antioxidant  protection,  the  Recommended  Dietary  Allowance 
(RDA)  for  adults  for  vitamin  C  is  set  at  75  mg/day  for  females  and 
90  mg/day  for  males.  This  intake  should  maintain  near  maximal 
neutrophil  ascorbate  concentrations  with  little  urinary  excretion. 
Because  smokers  suffer  increased  oxidative  stress  and  metabolic 
turnover  of  vitamin  C,  their  recommended  intake  is  increased  by 
35  mg/day. 

Vitamin  E  is  thought  to  function  primarily  as  a  chain-breaking 
antioxidant  that  prevents  the  propagation  of  lipid  peroxidation. 
To  estimate  the  requirement,  data  were  examined  on  induced  vita¬ 
min  E  deficiency  in  humans  and  the  intake  that  correlated  with  in 
vitro  hydrogen  peroxide-induced  hemolysis  and  plasma  a-tocopherol 
concentrations.  In  addition,  vitamin  E  acts  as  an  in  vivo  anti¬ 
oxidant,  maintaining  normal  physiological  function  in  humans. 
The  RDA  for  both  men  and  women  is  15  mg/day  of  a-tocopherol. 
Other  naturally  occurring  forms  of  vitamin  E  (p-,  y-,  5-tocopherol 
and  the  tocotrienols)  do  not  meet  the  vitamin  E  requirement  be¬ 
cause  they  are  not  converted  to  a-tocopherol  in  humans  and  are 
recognized  poorly  by  the  a-tocopherol  transfer  protein.  In  estab¬ 
lishing  recommended  intakes  a-tocopherol  is  defined  as  RRR-a- 
tocopherol,  the  only  form  of  a-tocopherol  that  occurs  naturally  in 
food,  and  the  2R-stereoisomeric  forms  of  a-tocopherol  (RRRr, 
RSR-,  RRS-,  and  flSS-a-tocopherol)  that  occur  in  fortified  foods 
and  supplements. 

Selenium  functions  through  selenoproteins,  several  of  which  are 
oxidant  defense  enzymes.  The  method  used  to  estimate  the  require¬ 
ment  for  selenium  relates  to  the  intake  needed  to  maximize  the 
activity  of  the  plasma  selenoprotein  glutathione  peroxidase,  an  oxi¬ 
dant  defense  enzyme.  The  RDA  for  both  men  and  women  is  55  pg/ 
day.  It  is  not  clear  if  the  diseases  associated  with  selenium  deficien¬ 
cies,  Keshan  disease  or  Kashin-Beck  disease,  are  due  to  oxidative 
stress.  The  selenium  in  several  selenoproteins  has  a  biochemical  role 
in  oxidant  defense,  and  as  such  plays  a  role  as  a  dietary  antioxidant. 

ft-Carotene  and  other  provitamin  A  carotenoids  function  as  a  source  of 
vitamin  A  and,  due  to  this  provitamin  A  activity,  can  prevent  vitamin 
A  deficiency.  Because  specific  functions  beyond  this  role  have  not 
yet  been  sufficiently  identified,  no  Dietary  Reference  Intakes  (DRIs) 
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have  been  established  for  any  of  the  carotenoids  including  those 
which  do  not  have  provitamin  A  activity.  In  conjunction  with  the 
review  of  vitamin  A,  efforts  are  under  way  to  establish  ratios  for  the 
provitamin  A  carotenoids — P-carotene,  a-carotene,  and  p-cryptox- 
anthin — based  on  their  ability  to  be  converted  to  vitamin  A.  A  sub¬ 
sequent  report  will  provide  this  analysis  of  the  potential  contribu¬ 
tions  of  the  carotenoids  to  the  requirement  for  vitamin  A. 

CRITERIA  AND  PROPOSED  VALUES  FOR  TOLERABLE 
UPPER  INTAKE  LEVELS 

A  risk  assessment  model  is  used  to  derive  Tolerable  Upper  Intake 
Levels  (ULs) .  The  model  consists  of  a  systematic  series  of  scientific 
considerations  and  judgments.  The  hallmark  of  the  risk  assessment 
model  is  the  requirement  to  be  explicit  in  all  the  evaluations  and 
judgments  made. 

The  ULs  for  adults  for  vitamin  C  (2,000  mg/ day  based  on  the 
adverse  effect  of  osmotic  diarrhea) ,  vitamin  E  (1,000  mg/day  of  any 
form  of  supplemental  a-tocopherol  based  on  the  adverse  effect  of 
increased  tendency  to  hemorrhage),  and  selenium  (400  pg/day 
based  on  the  adverse  effect  of  selenosis) ,  shown  in  Table  S-4,  were 
set  to  protect  the  most  sensitive  individuals  in  the  general  popula¬ 
tion  (e.g.,  those  who  might  be  below  reference  adult  weight) .  Mem¬ 
bers  of  the  general  apparently  healthy  population  should  be  ad¬ 
vised  not  to  exceed  the  UL  routinely.  However,  intake  above  the  UL 
may  be  appropriate  for  investigation  within  well-controlled  clinical 
trials  to  ascertain  if  such  intakes  are  of  benefit  to  health.  Clinical 
trials  of  doses  above  the  UL  should  not  be  discouraged  because  it  is 
expected  that  participation  in  these  trials  will  require  informed  con¬ 
sent  that  will  include  discussion  of  the  possibility  of  adverse  effects 
and  will  employ  appropriate  safety  monitoring  of  trial  subjects. 

The  ULs  for  vitamin  C  and  selenium  are  based  on  intake  from 
diet  and  supplements.  Vitamin  E  ULs  are  based  on  intake  from 
supplements  only. 

A  UL  could  not  be  established  for  P-carotene  because  of  inconsis¬ 
tent  data  and  could  not  be  set  for  other  carotenoids  because  of  a 
lack  of  suitable  data.  In  both  cases,  this  signifies  a  need  for  addi¬ 
tional  information.  It  does  not  necessarily  signify  that  people  can 
tolerate  chronic  intakes  of  these  substances  at  high  levels.  Like  all 
chemical  agents,  nutrients  and  other  food  components  can  pro¬ 
duce  adverse  effects  if  intakes  are  excessive.  Therefore,  when  data 
are  extremely  limited,  extra  caution  may  be  warranted.  In  particu¬ 
lar,  p-carotene  supplementation  is  not  advisable,  other  than  for  the 
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TABLE  S-4  Tolerable  Upper  Intake  Levels  (ULfl)  by  Life  Stage 
Group 


Life  Stage  Group 

Vitamin  C 
(mg/d) 

a-Tocopherol 

(mg/d)6 

Selenium 

(re/d) 

0  through  6  mo 

NDC 

ND 

45 

7  through  12  mo 

ND 

ND 

60 

1  through  3  y 

400 

200 

90 

4  through  8  y 

650 

300 

150 

9  through  13  y 

1,200 

600 

280 

14  through  18  y 

1,800 

800 

400 

19  through  70  y 

2,000 

1,000 

400 

>70  y 

2,000 

1,000 

400 

Pregnancy 

IA 

i— * 
00 

1,800 

800 

400 

19  through  50  y 

2,000 

1,000 

400 

Lactation 

<18y 

1,800 

800 

400 

19  through  50  y 

2,000 

1,000 

400 

«  The  UL  is  the  highest  level  of  daily  nutrient  intake  that  is  likely  to  pose  no  risk  of 
adverse  health  effects  to  almost  all  individuals  in  the  general  population.  As  intake 
increases  above  the  UL,  the  risk  of  adverse  effects  increases.  Unless  specified  otherwise, 
the  UL  represents  total  nutrient  intake  from  food,  water,  and  supplements. 

^The  UL  for  a-tocopherol  applies  to  any  form  of  supplemental  a-tocopherol. 

CND.  Not  determinable  due  to  lack  of  data  of  adverse  effects  in  this  age  group  and 
concern  with  regard  to  lack  of  ability  to  handle  excess  amounts.  Source  of  intake  should 
be  from  food  and  formula  in  order  to  prevent  high  levels  of  intake. 


prevention  and  control  of  vitamin  A  deficiency,  in  view  of  concerns 
about  lung  cancer  and  total  mortality  risk  raised  by  recent  random¬ 
ized  clinical  trials  in  special  at-risk  populations. 

USING  DIETARY  REFERENCE  INTAKES 

Suggested  uses  of  Dietary  Reference  Intakes  (DRIs)  appear  in  Box 
S-2.  The  transition  from  using  previously  published  Recommended 
Dietary  Allowance  (RDAs)  and  Reference  Nutrient  Intakes  (RNIs) 
alone  to  using  all  DRIs  appropriately  will  require  time  and  effort  by 
health  professionals  and  others. 

For  statistical  reasons  that  will  be  addressed  in  a  future  report  and 
discussed  briefly  in  Chapter  9,  the  Estimated  Average  Requirement 
(EAR)  is  the  appropriate  reference  intake  to  use  in  assessing  the 
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nutrient  intake  of  groups;  the  RDA  is  not  appropriate.  The  preva¬ 
lence  of  inadequacy  may  be  estimated  by  determining  the  percent¬ 
age  of  the  population  below  the  EAR  as  follows: 

•  Based  on  the  Third  National  Health  and  Nutrition  Examina¬ 
tion  Survey  (NHANES  III)  data,  about  11  percent  of  nonsmoking 


Box  S-2  Uses  of  Dietary  Reference  Intakes  for  Healthy  Individuals  and 

Groups 

;  Type  of  Use 

For  the  Individual 

For  a  Group 

Assessment 

EARfl:  use  to  examine  the 

EAR*':  use  to  estimate  the 

possibility  of  inadequacy 

prevalence  of  inadequate 

of  reported  intake. 

intakes  within  a  group. 

AI":  intakes  at  this  level 

AI*':  mean  intake  at  this  level 

have  a  low  probability  of 

implies  a  low  prevalence  of 

inadequacy. 

inadequate  intakes. 

ULa:  intake  above  this 

UL6:  use  to  estimate  the  preva- 

■'  '  '■ 

level  has  a  risk  of  adverse 

fence  of  intakes  that  may  be  at 

v .  ...  ...  ;  -  - 

effects. 

risk  of  adverse  effects.  '  ’ 

Planning 

RDA:  aim  for  this  intake. 

EAR:  use  in  conjunction  with  a 
measure  of  variability  of  the 
group’s  intake  to  set  goals  for 
the  median  intake  of  a  specific 
population. 

AI:  aim  for  this  intake. 

UL:  use  as  a  guide  to 
limit  intake;  chronic 
intake  of  higher  amounts 
may  increase  risk  of 
adverse  effects. 

EAR  =  Estimated  Average  Requirement 
RDA  =  Recommended  Dietary  Allowance 

.A;. ;;V:. ■ 

AI  =  Adequa 

tte  Intake 

UL  =  Tolerable  Upper  Intake  Level 

a  Requires  accurate  measure  of  usual  intake.  Evaluation  of  true  status 
requires  clinical,  biochemical,  and  anthropometric  data. 

b  Requires 

statistically  valid  approximation  of  usual  intake. 
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adult  women  and  21  percent  of  nonsmoking  adult  men  have  dietary 
intakes  of  vitamin  C  that  are  less  than  the  EAR  for  this  nutrient. 

•  Although  dietary  intakes  of  selenium  depend  on  the  seleni¬ 
um  content  of  the  soil  where  a  plant  was  grown,  adults  in  North 
America  are  meeting  their  selenium  needs,  probably  because  food 
in  the  United  States  and  Canada  is  so  widely  distributed  beyond  the 
region  where  it  was  grown. 

•  Only  a  small  proportion  of  the  adult  men  and  women  in  the 
population  reportedly  has  a  vitamin  E  intake  from  food  and  supple¬ 
ments  greater  than  the  EAR.  However,  estimates  of  vitamin  E  intake 
are  particularly  difficult  due  to  a  propensity  to  underreport  fat  in¬ 
take  which  results  in  its  underestimation  (dietary  fat  serves  as  the 
major  carrier  for  vitamin  E) .  In  addition,  the  EARs  for  vitamin  E  are 
based  on  a-tocopherol  only  and  do  not  include  amounts  obtained 
from  the  other  seven  naturally  occurring  forms  of  vitamin  E  (p-,  y-, 
5-tocopherol  and  the  four  tocotrienols) .  Because  the  various  forms 
of  vitamin  E  cannot  be  interconverted  in  humans,  EARs,  RDAs,  and 
AIs  apply  only  to  intake  of  the  2/?-stereoisomeric  forms  of  a- 
tocopherol  from  food,  fortified  foods,  and  multivitamins.  Currently, 
most  nutrient  databases,  as  well  as  nutrition  labels,  do  not  distin¬ 
guish  among  the  various  tocopherols  in  food.  They  often  present 
the  data  as  a-tocopherol  equivalents  and  include  the  contribution 
of  all  eight  naturally  occurring  forms  of  vitamin  E,  after  adjustment 
for  bioavailability  (e.g.,  y-tocopherol  is  usually  assumed  to  have  only 
10  percent  of  the  availability  of  a-tocopherol).  Because  these  other 
forms  of  vitamin  E  occur  in  foods  (e.g.,  y-tocopherol  is  present  in 
widely  consumed  oils  such  as  soybean  and  corn  oils),  the  intake  of 
a-tocopherol  equivalents  is  greater  than  the  intake  of  a-tocopherol 
alone.  Based  on  NHANES  III  dietary  intake  data,  approximately  80 
percent  of  the  a-tocopherol  equivalents  from  food  are  from  a- 
tocopherol,  and  thus  can  contribute  to  the  body’s  requirement  for 
vitamin  E. 

Data  for  intakes  of  vitamin  C,  vitamin  E,  and  selenium  from  food 
and  supplements  in  the  United  States  are  provided  in  this  report. 
Data  from  Canada  are  available  only  for  vitamin  C  from  food.  De¬ 
tailed  data  for  intakes  of  carotenoids  from  a  recently  released  and 
expanded  food  composition  database  in  the  United  States  are  pres¬ 
ently  being  analyzed  and  are  not  available  to  be  included  in  this 
report.  Thus  they  will  be  included  in  the  Appendix  of  a  subsequent 
DRI  report  that  will  include  vitamin  A. 
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DEFINITION  OF  A  DIETARY  ANTIOXIDANT 

A  dietary  antioxidant  is  a  substance  in  foods  that  significantly  decreases 
the  adverse  effects  of  reactive  species,  such  as  reactive  oxygen  and  nitrogen 
species,  on  normal  physiological  function  in  humans.  The  definition  is 
based  on  several  criteria:  the  substance  is  found  in  human  diets,  the 
content  of  the  substance  has  been  measured  in  foods  commonly 
consumed,  and  the  substance  decreases  the  adverse  effects  of  reac¬ 
tive  species  in  vivo  in  humans.  Vitamin  G,  vitamin  E,  and  selenium 
(in  the  form  of  selenocysteine  or  selenomethionine)  are  the  food 
components  reviewed  in  this  report  that  meet  this  definition  of  a 
dietary  antioxidant  The  other  food  components  covered  in  this 
report,  (3-carotene  and  the  other  carotenoids,  do  not  meet  the  defi¬ 
nition  but  influence  biochemical  reactions  that  involve  the  oxida¬ 
tive  process. 

EVIDENCE  OF  OXIDATIVE  STRESS  AND  THE  RISK  OF 
CHRONIC  DEGENERATIVE  DISEASE 

There  is  a  considerable  body  of  biological  evidence  that,  at  high 
levels,  reactive  oxygen  and  nitrogen  species  can  be  damaging  to 
cells  and  thus  may  contribute  to  cellular  dysfunction  and  disease. 
Hence,  close  attention  has  been  given  to  evidence  relating  intake  of 
vitamin  C,  vitamin  E,  selenium,  and  (3-carotene  and  other  caro¬ 
tenoids  to  reduction  of  the  risk  of  chronic  disease.  Since  the  entire 
population  is  exposed  to  oxidative  stresses  through  oxidative  me¬ 
tabolism  and  only  some  develop  a  chronic  disease,  it  is  clear  that 
more  information  is  needed  in  order  to  understand  how  to  evaluate 
the  role  of  oxidative  stress  in  the  development  of  chronic  disease. 
The  potential  role  of  oxidative  stress  in  six  chronic  disease  relation¬ 
ships  is  briefly  described  below. 

Cancer 

One  theory  holds  that  oxidative  damage  contributes  to  carcino¬ 
genesis.  A  great  deal  of  epidemiological  evidence  indicates  that  di¬ 
ets  rich  in  fruits  and  vegetables  are  associated  with  a  lower  risk  of 
incurring  a  number  of  common  cancers,  especially  cancers  of  the 
lung,  oral  cavity,  pharynx,  larynx,  and  cervix.  However,  these  stud¬ 
ies  provide  only  limited  support  for  a  protective  association  of  indi¬ 
vidual  food  components  categorized  as  antioxidants.  Data  regard¬ 
ing  the  protection  by  individual  food  components  against  cancer  in 
humans  are  not  yet  available. 
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Cardiovascular  Disease 

Of  all  the  chronic  diseases  in  which  excess  oxidative  stress  has 
been  implicated,  cardiovascular  disease  has  the  strongest  support¬ 
ing  evidence.  Oxidation  of  low-density  lipoproteins  may  be  a  key 
step  in  the  development  of  coronary  atherosclerosis.  Epidemiologi¬ 
cal  studies  indicate  that  diets  rich  in  fruits  and  vegetables,  vitamin 
C,  vitamin  E,  and  carotenoids  are  associated  with  a  decreased  risk  of 
coronary  heart  disease.  However,  no  randomized  prospective  stud¬ 
ies  have  documented  a  favorable  effect  of  vitamin  C  or  carotenoids 
on  cardiovascular  morbidity  and  mortality.  Four  studies  have  exam¬ 
ined  the  effects  of  vitamin  E;  only  one  reported  a  positive  benefit 
while  the  other  three  were  neutral.  Thus  available  data  do  not  ade¬ 
quately  substantiate  the  premise  that  increasing  the  intake  of  vita¬ 
min  C,  vitamin  E,  or  (3-carotene  and  other  carotenoids  will  reduce 
the  risk  of  coronary  heart  disease.  Ongoing  randomized  trials 
among  high-risk,  apparently  healthy  individuals  and  among  patients 
with  cardiovascular  disease  are  expected  to  provide  evidence  useful 
in  resolving  this  issue. 


Cataracts 

A  number  of  observational  epidemiological  studies  have  exam¬ 
ined  the  relationship  between  intakes  of  vitamin  C,  vitamin  E,  and 
carotenoids  and  the  presence  of  cataracts  in  humans.  Several  stud¬ 
ies  indicate  a  lowered  risk  of  cataracts  associated  with  either  an 
increased  serum  level  of  these  dietary  components  or  supplement 
use.  These  studies,  since  observational  in  nature,  do  not  constitute 
at  this  time  a  sufficient  basis  for  a  conclusion  that  these  dietary 
components  can  prevent  cataracts  in  humans. 

Age-Related  Macular  Degeneration 

Epidemiological  studies  find  a  decreased  likelihood  of  age-related 
macular  degeneration  (AMD)  associated  with  higher  intakes  of 
fruits  and  vegetables,  especially  those  that  are  rich  in  the  caro¬ 
tenoids  lutein  and  zeaxanthin.  Protective  effects  of  lutein  and  zeax- 
anthin  are  biologically  plausible  because  these  carotenoids  selec¬ 
tively  accumulate  as  the  pigment  of  the  macular  region  of  the  retina 
and  account  for  the  yellow  color  observed  in  this  region.  The  associ¬ 
ation  has  also  been  observed  in  smokers,  who  have  lower  plasma 
levels  of  carotenoids  and  are  also  at  an  increased  risk  of  developing 
AMD.  However,  all  reports  are  associative  in  nature  and  have  not 
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established  a  causal  relationship  between  intake  or  plasma  concen¬ 
trations  of  lutein  and/ or  zeaxanthin  and  risk  for  AMD. 

Central  Neurodegenerative  Diseases 

Increasing  evidence  suggests  that  a  number  of  common  neurode¬ 
generative  diseases,  such  as  Alzheimer’s,  Parkinson’s,  and  amyo¬ 
trophic  lateral  sclerosis,  may  reflect  adverse  responses  to  oxidative 
stress.  Small  intervention  trials  with  either  vitamin  C  or  vitamin  E 
have  reported  symptomatic  improvement  in  those  already  afflicted 
with  the  disease.  However,  these  preliminary  findings  do  not  consti¬ 
tute  adequate  proof  of  the  usefulness  of  these  antioxidants  in  de¬ 
creasing  the  development  or  delaying  the  onset  of  these  diseases. 

Diabetes  Mellitus 

Although  some  evidence  suggests  that  modifications  observed  in 
structural  proteins  in  patients  with  diabetes  mellitus  may  be  at¬ 
tributable  to  either  an  oxidative  stress  or  a  stress  due  to  reactive 
carbonyls,  much  of  the  research,  with  either  single  compounds  or 
combinations  of  specific  food  components  that  may  function  as 
antioxidants,  has  been  inconclusive.  In  addition,  no  clinical  inter¬ 
vention  trials  have  tested  directly  whether  provision  of  antioxidants 
can  defer  the  onset  of  the  complications  of  diabetes. 

RECOMMENDATIONS 

Available  Data  on  Food  Composition 

Because  the  various  forms  of  vitamin  E  are  not  interconvertible 
and  because  plasma  concentrations  of  a-tocopherol  are  dependent 
upon  the  affinity  of  the  hepatic  a-tocopherol  transfer  protein  for 
the  various  forms,  it  is  recommended  that  relative  biological  poten¬ 
cies  of  the  various  forms  of  vitamin  E  be  reevaluated.  Until  this  is 
done,  the  actual  concentrations  of  each  of  the  various  vitamin  E 
forms  in  food  and  biological  samples  should  be  reported  separately, 
wherever  possible. 


Research 

Five  major  types  of  information  gaps  were  noted:  (1)  a  dearth  of 
studies  designed  specifically  to  estimate  average  requirements  in 
apparently  healthy  humans;  (2)  a  nearly  complete  lack  of  usable 
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data  on  the  nutrient  needs  of  infants,  children,  adolescents,  and 
pregnant  and  lactating  women;  (3)  a  lack  of  definitive  studies  to 
determine  the  role  of  these  nutrients  in  lowering  the  risk  of  certain 
chronic  diseases;  (4)  a  lack  of  validated  biomarkers  to  evaluate  oxi¬ 
dative  stress  and  the  relationship  between  antioxidant  intake  and 
health  and  disease;  and  (5)  a  lack  of  studies  designed  to  detect 
adverse  effects  of  chronic  high  intakes  of  these  nutrients. 

Highest  priority  is  thus  given  to  research  that  has  potential  to 
prevent  or  retard  human  disease  processes  and  to  prevent  deficien¬ 
cies  with  functional  consequences  as  follows: 

•  Studies  to  provide  the  basic  data  for  constructing  risk  curves 
and  benefit  curves  across  the  exposures  to  dietary  and  supplemen¬ 
tal  intakes  of  vitamin  C,  vitamin  E,  selenium,  and  p-carotene  and 
other  carotenoids.  Studies  should  be  designed  to  determine  the 
relationship  of  nutrient  intakes  to  validated  biomarkers  of  oxidative 
stress.  These  studies  should  be  followed  by  nested  case-control  stud¬ 
ies  to  determine  the  relationship  of  the  biomarkers  of  oxidative 
stress  to  chronic  disease.  Finally,  full-scale  intervention  trials  should 
be  done  to  establish  the  preventive  potential  of  a  nutrient  for  chron¬ 
ic  disease. 

•  Investigations  of  gender  specificity  of  the  metabolism  and  re¬ 
quirements  for  vitamin  C,  vitamin  E,  selenium,  and  P-carotene  and 
other  carotenoids. 

•  Studies  to  validate  methods  and  possible  models  for  estimat¬ 
ing  Dietary  Reference  Intakes  (DRIs)  in  the  absence  of  data  for 
some  life  stage  groups,  such  as  children,  pregnant  and  lactating 
women,  and  older  adults. 

•  Research  to  determine  the  interactions  and  possible  syner- 
gisms  of  vitamin  C,  vitamin  E,  selenium,  and  P-carotene  with  each 
other,  with  other  nutrients  and  food  components,  and  with  endoge¬ 
nous  antioxidants.  Multifactorial  studies  are  needed  to  demonstrate 
in  vivo  actions  as  well  as  synergisms  that  have  been  shown  to  occur 
in  vitro. 

•  Studies  to  develop  economical,  sensitive,  and  specific  methods 
to  assess  the  associations  of  vitamin  C,  vitamin  E,  selenium,  and  P- 
carotene  and  other  carotenoids  with  the  causation,  prevalence,  pre¬ 
vention,  and  treatment  of  specific  viral  or  other  infections. 

•  Investigations  of  the  magnitude  and  role  of  genetic  polymor¬ 
phisms  in  the  mechanisms  of  actions  of  vitamin  C,  vitamin  E,  seleni¬ 
um,  and  p-carotene  and  other  carotenoids. 


1 

Introduction  to  Dietary 
Reference  Intakes 


The  term  Dietary  Reference  Intakes  (DRIs)  refers  to  a  set  of  at  least 
four  nutrient-based  reference  values,  each  of  which  has  special  uses. 
The  development  of  DRIs  expands  on  the  periodic  reports  called 
Recommended  Dietary  Allowances ,  which  have  been  published  since 
1941  by  the  National  Academy  of  Sciences.  This  comprehensive  ef¬ 
fort  is  being  undertaken  by  the  Standing  Committee  on  the  Scien¬ 
tific  Evaluation  of  Dietary  Reference  Intakes  (DRI  Committee)  of 
the  Food  and  Nutrition  Board,  Institute  of  Medicine,  the  National 
Academies,  with  the  active  involvement  of  Health  Canada.  See 
Appendix  A  for  a  description  of  the  overall  process  and  its  origins. 

WHAT  ARE  DIETARY  REFERENCE  INTAKES? 

The  reference  values,  collectively  called  the  Dietary  Reference  In¬ 
takes  (DRIs),  include  the  Recommended  Dietary  Allowance  (RDA), 
the  Adequate  Intake  (AI),  the  Tolerable  Upper  Intake  Level  (UL), 
and  the  Estimated  Average  Requirement  (EAR). 

A  requirement  is  defined  as  the  lowest  continuing  intake  level  of 
a  nutrient  that,  for  a  specified  indicator  of  adequacy,  will  maintain  a 
defined  level  of  nutriture  in  an  individual.  The  chosen  criterion  of 
nutritional  adequacy  is  identified  in  each  nutrient  chapter;  note 
that  the  criterion  may  differ  for  individuals  at  different  life  stages. 
Hence,  particular  attention  is  given  throughout  this  report  to  the 
choice  and  justification  of  the  criterion  used  to  establish  require¬ 
ment  values. 
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This  approach  differs  somewhat  from  that  used  by  the  World 
Health  Organization,  Food  and  Agriculture  Organization,  and  In¬ 
ternational  Atomic  Energy  Agency  (WHO/FAO/IAEA)  Expert  Con¬ 
sultation  on  Trace  Elements  in  Human  Nutrition  and  Health  (WHO, 
1996).  That  publication  uses  the  term  basal  requirement  to  indicate 
the  level  of  intake  needed  to  prevent  pathologically  relevant  and 
clinically  detectable  signs  of  a  dietary  inadequacy.  The  term  norma¬ 
tive  requirement  indicates  the  level  of  intake  sufficient  to  maintain  a 
desirable  body  store  or  reserve.  In  developing  RDAs  and  AIs,  em¬ 
phasis  is  placed  instead  on  the  reasons  underlying  the  choice  of  the 
criterion  of  nutritional  adequacy  used  to  establish  the  requirement. 
They  have  not  been  designated  as  basal  or  normative. 

Unless  otherwise  stated,  all  values  given  for  RDAs,  AIs,  and  EARs 
represent  the  quantity  of  the  nutrient  or  food  component  to  be 
supplied  by  foods  from  a  diet  similar  to  those  consumed  in  Canada 
and  the  United  States.  If  the  food  source  of  a  nutrient  is  very  differ¬ 
ent  (as  in  the  diets  of  some  ethnic  groups)  or  if  the  source  is  supple¬ 
ments,  adjustments  may  have  to  be  made  for  differences  in  nutrient 
bioavailability.  When  this  is  an  issue,  it  is  discussed  for  the  specific 
nutrient  in  the  section  “Special  Considerations.” 

RDAs  and  AIs  are  levels  of  intake  recommended  for  individuals. 
They  should  minimize  the  risk  of  developing  a  condition  that  is 
associated  with  the  nutrient  in  question  and  that  has  a  negative 
functional  outcome.  The  DRIs  apply  to  the  apparently  healthy  gen¬ 
eral  population.  Meeting  the  recommended  intakes  for  vitamin  C, 
vitamin  E,  selenium,  and  carotenoids  would  not  necessarily  provide 
enough  for  individuals  who  are  already  malnourished,  nor  would 
they  be  adequate  for  certain  disease  states  marked  by  increased 
requirements.  Qualified  medical  and  nutrition  personnel  must 
tailor  recommendations  for  individuals  who  are  known  to  have  dis¬ 
eases  that  greatly  increase  requirements  or  who  are  at  risk  for  devel¬ 
oping  adverse  effects  associated  with  higher  intakes.  Although  the 
RDA  or  AI  may  serve  as  the  basis  for  such  guidance,  qualified  per¬ 
sonnel  should  make  necessary  adaptations  for  specific  situations. 


CATEGORIES  OF  DIETARY  REFERENCE  INTAKES 

Each  type  of  Dietary  Reference  Intake  (DRI)  refers  to  average 
daily  nutrient  intake  of  individuals  over  time.  In  most  cases,  the 
amount  taken  from  day  to  day  may  vary  substantially  without  ill 
effect. 
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Recommended  Dietary  Allowance 

The  Recommended  Dietary  Allowance  (RDA)  is  the  average  daily  di¬ 
etary  intake  level  that  is  sufficient  to  meet  the  nutrient  requirement 
of  nearly  all  (97  to  98  percent)  apparently  healthy  individuals  in  a 
particular  life  stage  and  gender  group  (see  Figure  1-1).  The  RDA  is 
intended  to  be  used  as  a  goal  for  daily  intake  by  individuals.  The 
process  for  setting  the  RDA  is  described  below;  it  depends  on  being 
able  to  set  an  Estimated  Average  Requirement  (EAR) .  That  is,  if  an 
EAR  cannot  be  set,  no  RDA  will  be  set. 

Estimated  Average  Requirement 1 

The  Estimated  Average  Requirement  (EAR)  is  the  daily  intake  value 
that  is  estimated  to  meet  the  requirement,  as  defined  by  the  speci¬ 
fied  indicator  of  adequacy,  in  half  of  the  apparently  healthy  individ¬ 
uals  in  a  life  stage  or  gender  group  (see  Figure  1-1).  A  normal  or 
symmetrical  distribution  (median  and  mean  similar)  is  usually  as¬ 
sumed  for  nutrient  requirements.  At  this  level  of  intake,  the  other 
half  of  a  specified  group  would  not  have  its  nutritional  needs  met. 
The  general  method  used  to  set  the  EAR  is  the  same  for  all  of  the 
nutrients  in  this  report.  The  specific  approaches,  provided  in  Chap¬ 
ters  5  through  8,  differ  because  of  the  different  types  of  data  avail¬ 
able. 

Method  for  Setting  the  RDA 

The  EAR  is  used  in  setting  the  RDA  as  follows.  If  the  standard 
deviation  (SD)  of  the  EAR  is  available  and  the  requirement  for  the 
nutrient  is  normally  distributed,  the  RDA  is  defined  as  equal  to  the 
EAR  plus  2  SDs  of  the  EAR: 

RDA  =  EAR  +  2  SDEAR. 


1  The  definition  of  EAR  implies  a  median  as  opposed  to  a  mean,  or  average.  The 
median  and  average  would  be  the  same  if  the  distribution  of  requirements  fol¬ 
lowed  a  symmetrical  distribution  and  would  diverge  as  a  distribution  became 
skewed.  Three  considerations  prompted  the  choice  of  the  term  EAR:  data  are 
rarely  adequate  to  determine  the  distribution  of  requirements,  precedent  has  been 
set  by  other  countries  that  have  used  EAR  for  reference  values  similarly  derived 
(COMA,  1991),  and  the  type  of  data  evaluated  makes  the  determination  of  a  medi¬ 
an  impossible  or  inappropriate. 
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FIGURE  1-1  Dietary  reference  intakes.  This  figure  shows  that  the  Estimated  Aver¬ 
age  Requirement  (EAR)  is  the  intake  at  which  the  risk  of  inadequacy  is  0.5  (50%) 
to  an  individual.  The  Recommended  Dietary  Allowance  (RDA)  is  the  intake  at 
which  the  risk  of  inadequacy  is  very  small — only  0.02  to  0.03  (2%  to  3%).  The 
Adequate  Intake  (AI)  does  not  bear  a  consistent  relationship  to  the  EAR  or  the 
RDA  because  it  is  set  without  being  able  to  estimate  the  average  requirement.  It  is 
assumed  that  the  AI  is  at  or  above  the  RDA  if  one  could  be  calculated.  At  intakes 
between  the  RDA  and  the  Tolerable  Upper  Intake  Level  (UL),  the  risks  of  inade¬ 
quacy  and  of  excess  are  both  close  to  0.  At  intakes  above  the  UL,  the  risk  of  adverse 
effects  may  increase. 


If  data  about  variability  in  requirements  are  insufficient  to  calcu¬ 
late  an  SD,  a  coefficient  of  variation  (CVEAR)  of  10  percent  will 
ordinarily  be  assumed  and  used  in  place  of  the  SD.  Because 

C^ear  =  SDear/EAR,  and 
SD  =  (EAR  x  CVEAR); 
the  resulting  equation  for  the  RDA  is 

RDA  =  EAR  +  2  (0.1  x  EAR),  or 
RDA  =  1.2  x  EAR. 

If  the  nutrient  requirement  is  known  to  be  skewed  for  a  popula¬ 
tion,  other  approaches  will  be  used  to  find  the  ninety-seventh  to 
ninety-eighth  percentile  to  set  the  RDA. 

The  assumption  of  a  10  percent  CV  is  based  on  extensive  data  on 
the  variation  in  basal  metabolic  rate  (FAO/WHO/UNA,  1985;  Gar- 
by  and  Lammert,  1984),  which  contributes  about  two-thirds  of  the 
daily  energy  expenditure  of  many  individuals  residing  in  Canada 
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and  the  United  States  (Elia,  1992)  and  on  the  similar  CV  of  12.5 
percent  estimated  for  the  protein  requirements  in  adults  (FAO/ 
WHO/UNA,  1985).  If  there  is  evidence  of  greater  variation,  a  larg¬ 
er  CV  will  be  assumed.  In  all  cases,  the  method  used  to  derive  the 
RDA  from  the  EAR  is  stated. 

For  vitamins  C  and  E,  and  selenium,  there  are  very  few  direct  data 
on  the  requirements  of  children.  Thus,  EARs  and  RDAs  for  chil¬ 
dren  are  based  on  extrapolations  from  adult  values.  The  method  is 
described  in  Chapter  3. 

Other  Uses  of  the  EAR 

Together  with  an  estimate  of  the  variance  of  intake,  the  EAR  may 
also  be  used  in  the  assessment  of  the  intake  of  groups  or  in  plan¬ 
ning  for  the  intake  of  groups  (Beaton,  1994)  (see  Chapter  9). 

Adequate  Intake 

If  sufficient  scientific  evidence  is  not  available  to  calculate  an  EAR, 
a  reference  intake  called  an  Adequate  Intake  (AI)  is  provided  instead 
of  an  RDA.  The  AI  is  a  value  based  on  experimentally  derived  intake 
levels  or  approximations  of  observed  mean  nutrient  intakes  by  a 
group  (or  groups)  of  apparently  healthy  people.  In  the  judgment  of 
the  DRI  Committee,  the  AI  for  children  and  adults  is  expected  to 
meet  or  exceed  the  amount  needed  to  maintain  a  defined  nutrition¬ 
al  state  or  criterion  of  adequacy  in  essentially  all  members  of  a  spe¬ 
cific,  apparently  healthy  population,  because  it  is  set  using  presum¬ 
ably  healthy  populations.  Examples  of  defined  nutritional  states 
include  normal  growth,  maintenance  of  normal  circulating  nutrient 
values,  or  other  aspects  of  nutritional  well-being  or  general  health. 

The  AI  is  set  when  data  are  considered  to  be  insufficient  or  inade¬ 
quate  to  establish  an  EAR  on  which  an  RDA  would  be  based.  For 
example,  for  young  infants  for  whom  human  milk  is  the  recom¬ 
mended  sole  food  source  for  most  nutrients  in  the  first  4  to  6 
months,  the  AI  is  based  on  the  daily  mean  nutrient  intake  supplied 
by  human  milk  for  apparently  healthy,  full-term  infants  who  are  fed 
exclusively  human  milk. 

Similarities  Between  the  AI  and  the  RDA 

Both  the  AI  and  the  RDA  are  to  be  used  as  a  goal  for  individual 
intake.  In  general,  the  values  are  intended  to  cover  the  needs  of 
nearly  all  persons  in  a  life  stage  group.  (For  infants,  the  AI  is  the 
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mean  intake  when  infants  in  the  age  group  are  consuming  human 
milk.  Larger  infants  may  have  higher  needs,  which  they  meet  by 
consuming  more  milk.)  As  with  RDAs,  AIs  for  children  and  adoles¬ 
cents  may  be  extrapolated  from  adult  values  if  no  other  usable  data 
are  available. 

Differences  Between  the  AI  and  the  EDA 

There  is  much  less  certainty  about  the  AI  value  than  about  the 
RDA  value.  Because  AIs  depend  on  a  greater  degree  of  judgment 
than  is  applied  in  estimating  the  EAR  and  subsequently  the  RDA, 
the  AI  may  deviate  significantly  from  the  RDA,  if  it  could  have  been 
determined,  and  may  be  numerically  higher  than  the  RDA,  if  it 
were  known.  For  this  reason,  AIs  must  be  used  with  greater  care 
than  RDAs.  Also,  the  RDA  is  always  calculated  from  the  EAR,  using 
a  formula  that  takes  into  account  the  expected  variation  in  the  re¬ 
quirement  for  the  nutrient  (see  previous  section  “Estimated  Aver¬ 
age  Requirement”) . 


Tolerable  Upper  Intake  Level 

The  Tolerable  Upper  Intake  Level  (UL)  is  the  highest  level  of  daily 
nutrient  intake  that  is  likely  to  pose  no  risk  of  adverse  health  effects 
in  almost  all  individuals  in  the  specified  life  stage  group  (see  Figure 
1-1).  As  intake  increases  above  the  UL,  the  risk  of  adverse  effects 
increases.  The  term  tolerable  intake  was  chosen  to  avoid  implying  a 
possible  beneficial  effect.  Instead,  the  term  is  intended  to  connote  a 
level  of  intake  that  can,  with  high  probability,  be  tolerated  biologi¬ 
cally.  The  UL  is  not  intended  to  be  a  recommended  level  of  intake, 
and  there  is  no  established  benefit  for  healthy  individuals  if  they 
consume  a  nutrient  in  amounts  exceeding  the  recommended  in¬ 
take  (the  RDA  or  AI) . 

The  UL  is  based  on  an  evaluation  conducted  using  the  methodol¬ 
ogy  for  risk  assessment  of  nutrients  (see  Chapter  4) .  The  need  for 
setting  ULs  grew  out  of  the  increased  fortification  of  foods  and  the 
use  of  dietary  supplements  by  more  people  and  in  larger  doses.  The 
UL  applies  to  chronic  daily  use.  As  in  the  case  of  applying  AIs, 
professionals  should  avoid  very  rigid  application  of  ULs  and  first 
assess  the  characteristics  of  the  individual  or  group  of  concern  such 
as  source  of  nutrient,  physiological  state  of  the  individual,  length  of 
sustained  high  intakes,  and  so  forth. 

For  vitamin  C  and  selenium,  the  UL  refers  to  total  intakes — from 
food,  fortified  food,  and  nutrient  supplements.  In  other  instances 
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(e.g.,  vitamin  E),  it  may  refer  only  to  intakes  from  supplements, 
food  fortificants,  pharmacological  agents,  or  a  combination  of  the 
three.  For  some  nutrients,  such  as  [3-carotene  and  other  carotenoids, 
there  may  be  inconsistent  and  insufficient  data  on  which  to  develop 
ULs.  This  indicates  the  need  for  caution  in  consuming  amounts 
greater  than  the  recommended  intakes;  it  does  not  mean  that  high 
intakes  pose  no  risk  of  adverse  effects. 

The  safety  of  routine,  long-term  intake  above  the  UL  is  not  well 
documented.  Although  members  of  the  general  population  should 
be  advised  not  to  routinely  exceed  the  UL,  intake  above  the  UL  may 
be  appropriate  for  investigation  within  well-controlled  clinical  trials. 
Clinical  trials  of  doses  above  the  UL  should  not  be  discouraged  as 
long  as  subjects  participating  in  these  trials  have  signed  informed 
consent  documents  regarding  possible  toxicity  and  as  long  as  these 
trials  employ  appropriate  safety  monitoring  of  trial  subjects. 

Determination  of  Adequacy 

In  the  derivation  of  the  EAR  or  AI,  close  attention  has  been  paid 
to  the  determination  of  the  most  appropriate  indicators  of  adequa¬ 
cy.  A  key  question  is,  Adequate  for  what?  In  many  cases,  a  continu¬ 
um  of  benefits  may  be  ascribed  to  various  levels  of  intake  of  the 
same  nutrient.  One  indicator  may  be  deemed  the  most  appropriate 
to  determine  the  risk  that  an  individual  will  become  deficient  in  the 
nutrient,  while  another  may  relate  to  reducing  the  risk  of  chronic 
degenerative  disease  such  as  common  neurodegenerative  diseases, 
cardiovascular  disease,  cancer,  diabetes  mellitus,  cataracts,  or  age- 
related  macular  degeneration. 

Each  EAR  or  AI  is  described  in  terms  of  the  selected  criterion  or 
outcome.  The  potential  role  of  vitamin  C,  vitamin  E,  selenium,  and 
[3-carotene  and  other  carotenoids  in  the  reduction  of  disease  risk 
was  considered  in  developing  the  EARs  for  this  group  of  nutrients. 
With  the  acquisition  of  additional  data  relating  intake  to  chronic 
disease  or  disability,  the  choice  of  the  criterion  for  setting  the  EAR 
may  change.  These  nutrients,  their  role  in  health,  and  the  types  of 
evidence  considered  are  discussed  in  Chapter  2. 

PARAMETERS  FOR  DIETARY  REFERENCE  INTAKES 

Life  Stage  Categories 

The  life  stage  categories  described  below  were  chosen  by  keeping 
in  mind  all  the  nutrients  to  be  reviewed,  not  only  those  included  in 
this  report.  Additional  subdivisions  within  these  groups  may  be  add- 
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ed  in  later  reports.  If  data  are  too  sparse  to  distinguish  differences 
in  requirements  by  life  stage  or  gender  group,  the  analysis  may  be 
presented  for  a  larger  grouping. 

Infancy 

Infancy  covers  the  period  from  birth  through  12  months  of  age 
and  is  divided  into  two  6-month  intervals.  The  first  6-month  interval 
was  not  subdivided  further  because  intake  is  relatively  constant  dur¬ 
ing  this  time.  That  is,  as  infants  grow,  they  ingest  more  food;  howev¬ 
er,  on  a  body  weight  basis  their  intake  remains  the  same.  During 
the  second  6  months  of  life,  growth  velocity  slows,  and  thus  total 
daily  nutrient  needs  on  a  body  weight  basis  may  be  less  than  those 
during  the  first  6  months  of  life. 

For  a  particular  nutrient,  average  intake  by  full-term  infants  who 
are  born  to  presumably  healthy,  well-nourished  mothers  and  exclu¬ 
sively  fed  human  milk  has  been  adopted  as  the  primary  basis  for 
deriving  the  Adequate  Intake  (AI)  for  most  nutrients  during  the 
first  6  months  of  life.  The  value  used  is  thus  not  an  Estimated  Aver¬ 
age  Requirement  (EAR) ;  the  extent  to  which  intake  of  human  milk 
may  result  in  exceeding  the  actual  requirements  of  the  infant  is  not 
known,  and  ethics  of  experimentation  preclude  testing  the  levels 
known  to  be  potentially  inadequate.  Therefore,  the  AI  is  not  an 
EAR  in  which  only  half  of  the  group  would  be  expected  to  have 
their  needs  met. 

Using  the  infant  fed  human  milk  as  a  model  is  in  keeping  with  the 
basis  for  estimating  nutrient  allowances  for  infants  developed  in  the 
last  Recommended  Dietary  Allowances  (NRG,  1989)  and  Recom¬ 
mended  Nutrient  Intake  (Health  Canada,  1990)  reports.  It  also  sup¬ 
ports  the  recommendation  that  exclusive  human  milk  feeding  is 
the  preferred  method  of  feeding  for  normal  full-term  infants  for 
the  first  4  to  6  months  of  life.  This  recommendation  has  also  been 
made  by  the  Canadian  Paediatric  Society  (Health  Canada,  1990), 
the  American  Academy  of  Pediatrics  (AAP,  1997),  and  the  Food 
and  Nutrition  Board  report  Nutrition  During  Lactation  (IOM,  1991). 

In  general,  for  this  report,  special  consideration  was  not  given  to 
possible  variations  in  physiological  need  during  the  first  month  af¬ 
ter  birth  or  to  the  variations  in  intake  of  nutrients  from  human  milk 
that  result  from  differences  in  milk  volume  and  nutrient  concentra¬ 
tion  during  early  lactation.  Specific  Dietary  Reference  Intakes 
(DRIs)  to  meet  the  needs  of  formula-fed  infants  are  not  proposed 
in  this  report.  The  previously  published  RDAs  and  RNIs  for  infants 
have  led  to  much  misinterpretation  of  the  adequacy  of  human  milk 
because  of  a  lack  of  understanding  about  the  derivation  of  these 
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values  for  young  infants.  Although  they  were  based  on  the  composi¬ 
tion  of  human  milk  and  the  volume  of  intake,  the  previous  RDA 
and  RNI  values  allowed  for  lower  bio  availability  of  nutrients  from 
nonhuman  milk. 

Ages  0  through  6  Months.  To  derive  the  AI  value  for  infants  ages  0 
through  6  months,  the  mean  intake  of  a  nutrient  was  calculated 
based  on  the  average  concentration  of  the  nutrient  from  2  to  6 
months  of  lactation,  using  consensus  values  from  several  reported 
studies  (Atkinson  et  al.,  1995)  and  an  average  volume  of  milk  intake 
of  0.78  L/day  as  reported  from  studies  of  full-term  infants  by  test 
weighing,  a  procedure  in  which  the  infant  is  weighed  before  and 
after  each  feeding  (Butte  et  al.,  1984;  Chandra,  1984;  Hofvander  et 
al.,  1982;  Neville  et  al.,  1988).  Because  there  is  variation  in  both  of 
these  measures,  the  computed  value  represents  the  mean.  It  is  ex¬ 
pected  that  infants  will  consume  increased  volumes  of  human  milk 
as  they  grow. 

Ages  7  through  12  Months.  There  is  no  evidence  for  markedly 
different  nutrient  needs  during  the  period  of  infants’  growth  accel¬ 
eration  and  gradual  weaning  to  a  mixed  diet  of  human  milk  and 
solid  foods  from  ages  7  through  12  months.  The  basis  of  the  AI 
values  derived  for  this  age  category  was  the  sum  of  the  specific  nu¬ 
trient  provided  by  0.60  L/ day  of  human  milk,  which  is  the  average 
volume  of  milk  reported  from  studies  in  this  age  category  (Heinig 
et  al.,  1993),  and  that  provided  by  the  usual  intakes  of  complemen¬ 
tary  weaning  foods  consumed  by  infants  in  this  age  category  (Speck- 
er  et  al.,  1997).  This  approach  is  in  keeping  with  the  current  recom¬ 
mendations  of  the  Canadian  Paediatric  Society  (Health  Canada, 
1990),  the  American  Academy  of  Pediatrics  (AAP,  1997),  and  Nutri¬ 
tion  During  Lactation  (IOM,  1991)  for  continued  human  milk  feed¬ 
ing  of  infants  through  9  to  12  months  of  age  with  appropriate  intro¬ 
duction  of  solid  foods. 

One  problem  encountered  in  trying  to  derive  intake  data  in  in¬ 
fants  was  the  lack  of  available  data  on  total  nutrient  intake  from  a 
combination  of  human  milk  and  solid  foods  in  the  second  6  months 
of  life.  Most  intake  survey  data  do  not  identify  the  milk  source,  but 
the  published  values  indicate  that  cow  milk  and  cow  milk  formula 
were  most  likely  consumed. 

Toddlers:  Ages  1  through  3  Years 

The  greater  velocity  of  growth  in  height  during  ages  1  through  3 
compared  with  ages  4  through  5  provides  a  biological  basis  for  di¬ 
viding  this  period  of  life.  Because  children  in  the  United  States  and 
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Canada  from  age  4  onwards  begin  to  enter  the  public  school  sys¬ 
tem,  ending  this  life  stage  prior  to  age  4  seemed  appropriate.  Data 
are  sparse  for  indicators  of  nutrient  adequacy  on  which  to  derive 
DRIs  for  these  early  years  of  life.  In  some  cases,  DRIs  for  this  age 
group  were  derived  from  data  extrapolated  from  studies  of  infants 
or  of  adults  aged  19  years  or  older. 

Early  Childhood:  Ages  4  through  8  Years 

Because  major  physiological  changes  in  velocity  of  growth  and  in 
endocrine  status  occur  during  ages  4  through  8  or  9  years  (the 
latter  depending  on  onset  of  puberty  in  each  gender) ,  the  category 
of  4  through  8  years  is  appropriate.  For  many  nutrients,  a  reason¬ 
able  amount  of  data  are  available  on  nutrient  intake  and  various 
criteria  for  adequacy  (such  as  nutrient  balance  measured  in  young 
children  aged  5  through  7  years)  that  can  be  used  as  the  basis  for 
the  EARs  for  this  life  stage  group. 

Puberty /Adolescence:  Ages  9  through  13  Years  and  14  through 
18  Years 

Recognizing  that  current  data  support  younger  ages  for  pubertal 
development,  it  was  determined  that  the  adolescent  age  group 
should  begin  at  9  years.  The  mean  age  of  onset  of  breast  develop¬ 
ment  (Tanner  Stage  2)  for  white  females  in  the  United  States  is 
10.0  ±1.8  (standard  deviation)  years;  this  is  a  physical  marker  for 
the  beginning  of  increased  estrogen  secretion  (Herman-Giddens  et 
al.,  1997).  In  African-American  females,  onset  of  breast  develop¬ 
ment  is  earlier  (mean  8.9  years  ±  1.9).  The  reason  for  the  observed 
racial  differences  in  the  age  at  which  girls  enter  puberty  is  unknown. 
The  onset  of  the  growth  spurt  in  girls  begins  before  the  onset  of 
breast  development  (Tanner,  1990).  The  age  group  of  9  through  13 
years  allows  for  this  early  growth  spurt  of  females. 

For  males,  the  mean  age  of  initiation  of  testicular  development  is 
10.5  to  11  years,  and  their  growth  spurt  begins  2  years  later  (Tanner, 
1990).  Thus,  to  begin  the  second  age  category  at  14  years  and  to 
have  different  EARs  for  females  and  males  for  some  nutrients  at  this 
age  seems  biologically  appropriate.  All  children  continue  to  grow  to 
some  extent  until  as  late  as  age  20;  therefore,  having  these  two  age 
categories  span  the  period  9  through  18  years  of  age  seems  justified. 

Young  Adulthood  and  Middle  Ages:  Ages  1 9  through  30  Years  and 
31  through  50  Years 

The  recognition  of  the  possible  value  of  higher  nutrient  intakes 
during  early  adulthood  on  achieving  optimal  genetic  potential  for 
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peak  bone  mass  was  the  reason  for  dividing  adulthood  into  ages  19 
through  30  years  and  31  through  50  years.  Moreover,  mean  energy 
expenditure  decreases  during  this  30-year  period,  and  needs  for 
nutrients  related  to  energy  metabolism  may  also  decrease.  For  some 
nutrients,  the  DRIs  may  be  the  same  for  the  two  age  groups.  Howev¬ 
er,  for  other  nutrients,  especially  those  related  to  energy  metabo¬ 
lism,  EARs  (and  RDAs)  are  likely  to  differ. 

Adulthood  and  Older  Adults:  Ages  51  through  70  Years  and 
Greater  than  70  Years 

The  age  period  of  51  through  70  years  spans  active  work  years  for 
most  adults.  After  age  70,  people  of  the  same  age  increasingly  dis¬ 
play  variability  in  physiological  functioning  and  physical  activity.  A 
comparison  of  people  over  age  70  who  are  the  same  chronological 
age  may  demonstrate  as  much  as  a  15-  to  20-year  age-related  differ¬ 
ence  in  level  of  reserve  capacity  and  functioning.  This  is  demon¬ 
strated  by  age-related  declines  in  nutrient  absorption  and  renal 
function.  Because  of  the  high  variability  in  functional  capacity  of 
older  adults,  the  EARs  for  this  age  group  may  reflect  a  greater  vari¬ 
ability  in  requirements  for  the  older  age  categories.  This  variability 
may  be  most  applicable  to  nutrients  for  which  requirements  are 
related  to  energy  expenditure. 

Pregnancy  and  Lactation 

Recommendations  for  pregnancy  and  lactation  may  be  subdivid¬ 
ed  because  of  the  many  physiological  changes  and  changes  in  nutri¬ 
ent  needs  that  occur  during  these  life  stages.  In  setting  EARs  for 
these  life  stages,  however,  consideration  is  given  to  adaptations  to 
increased  nutrient  demand,  such  as  increased  absorption,  and  to 
greater  conservation  of  many  nutrients.  Moreover,  some  nutrients 
may  undergo  net  losses  due  to  physiological  mechanisms  regardless 
of  the  nutrient  intake.  Thus,  for  some  nutrients,  there  may  not  be  a 
basis  for  EAJR  values  that  are  different  during  these  life  stages  than 
they  are  for  other  women  of  comparable  age. 

Reference  Weights  and  Heights 

The  reference  weights  and  heights  selected  for  adults  and  chil¬ 
dren  are  shown  in  Table  1-1.  The  values  are  based  on  anthropomet¬ 
ric  data  collected  from  1988-1994  as  part  of  the  Third  National 
Health  and  Nutrition  Examination  Survey  (NHANES  III)  in  the 
United  States. 
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TABLE  1-1  Reference  Heights  and  Weights  for  Children  and 
Adults  in  the  United  States" 


Gender 

Age 

Median  Body 
Mass  Index, 
kg/m2 

Reference 
Height, 
cm  (in) 

Reference 
Weight/ 
kg  (lb) 

Male,  female 

2-6  mo 

_ 

64  (25) 

7  (16) 

7-12  mo 

- 

72  (28) 

9  (20) 

1-3  y 

- 

91  (36) 

13  (29) 

4-8  y 

15.8 

118  (46) 

22  (48) 

Male 

9-13  y 

18.5 

147  (58) 

40  (88) 

14-18  y 

21.3 

174  (68) 

64  (142) 

19-30  y 

24.4 

176  (69) 

76  (166) 

Female 

9-13  y 

18.3 

148  (58) 

40  (88) 

14-18  y 

21.3 

163  (64) 

57  (125) 

19-30  y 

22.8 

163  (64) 

61  (133) 

a  Adapted  from  NHANES  III,  1988-1994. 

b  Calculated  from  body  mass  index  and  height  for  ages  4  through  8  and  older. 


The  median  heights  for  the  life  stage  and  gender  groups  through 
age  30  were  identified,  and  the  median  weights  for  these  heights 
were  based  on  reported  median  Body  Mass  Index  (BMI)  for  the 
same  individuals.  Since  there  is  no  evidence  that  weight  should 
change  as  adults  age  if  activity  is  maintained,  the  reference  weights 
for  adults  ages  19  through  30  years  are  applied  to  all  adult  age 
groups. 

The  most  recent  nationally  representative  data  available  for  Cana¬ 
dians  (from  the  1970-1972  Nutrition  Canada  Survey  [Demirjian, 
1980])  were  reviewed.  In  general,  median  heights  of  children  from 
1  year  of  age  in  the  United  States  were  greater  by  3  to  8  cm  (1  to  2 
1/2  inches)  than  those  of  children  of  the  same  age  in  Canada  mea¬ 
sured  two  decades  earlier  (Demirjian,  1980).  This  could  be  ex¬ 
plained  partly  by  approximations  necessary  to  compare  the  two  data 
sets,  but  more  likely  by  a  continuation  of  the  secular  trend  of  in¬ 
creased  heights  for  age  noted  in  the  Nutrition  Canada  Survey  when 
it  compared  data  from  that  survey  with  an  earlier  (1953)  national 
Canadian  survey  (Pett  and  Ogilvie,  1956). 

Similarly,  median  weights  beyond  age  1  year  derived  from  the 
recent  survey  in  the  United  States  (NHANES  III,  1988-1994)  were 
also  greater  than  those  obtained  from  the  older  Canadian  survey 
(Demirjian,  1980).  Differences  were  greatest  during  adolescence — 
from  10  to  17  percent  higher.  The  differences  probably  reflect  the 
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secular  trend  of  earlier  onset  of  puberty  (Herman-Giddens  et  al., 
1997),  rather  than  differences  in  populations.  Calculations  of  BMI 
for  young  adults  (e.g.,  a  median  of  22.6  for  Canadian  women  com¬ 
pared  with  22.8  for  U.S.  women)  resulted  in  similar  values,  indicat¬ 
ing  greater  concordance  between  the  two  surveys  by  adulthood. 

The  reference  weights  chosen  for  this  report  were  based  on  the 
most  recent  data  set  available  from  either  country,  recognizing  that 
earlier  surveys  in  Canada  indicated  shorter  stature  and  lower  weights 
during  adolescence  compared  with  those  from  surveys  in  the  Unit¬ 
ed  States. 

Reference  weights  are  used  primarily  when  setting  the  EAR  or 
Tolerable  Upper  Level  Intake  (UL)  for  children  or  when  relating 
the  nutrient  needs  of  adults  to  body  weight.  For  the  4-  to  8-year-old 
age  group  on  an  individual  basis,  a  small  4-year-old  child  can  be 
assumed  to  require  less  than  the  EAR  and  a  large  8-year-old  will 
require  more  than  the  EAR.  However,  the  RDA  or  AI  should  meet 
the  needs  of  both. 


SUMMARY 

Dietary  Reference  Intakes  (DRIs)  is  a  generic  term  for  a  set  of  nutri¬ 
ent  reference  values  that  includes  the  Recommended  Dietary  Al¬ 
lowance,  Adequate  Intake,  Tolerable  Upper  Intake  Level,  and  Esti¬ 
mated  Average  Requirement.  These  reference  values  are  being 
developed  for  life  stage  and  gender  groups  in  a  joint  U.S.  and  Cana¬ 
dian  activity.  This  report,  one  volume  in  a  series,  covers  the  DRIs 
for  vitamin  C,  vitamin  E,  selenium,  and  p-carotene  and  the  other 
carotenoids. 
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Vitamin  C,  Vitamin  E, 
Selenium,  and  P-Carotene 
and  Other  Carotenoids: 
Overview,  Antioxidant 
Definition,  and  Relationship 
to  Chronic  Disease 

OVERVIEW 

This  report  focuses  on  vitamin  C,  vitamin  E,  selenium,  and  p- 
carotene  and  other  carotenoids  (a-carotene,  p-cryptoxanthin,  lu¬ 
tein,  lycopene,  and  zeaxanthin) .  These  compounds  have  frequently 
been  called  dietary  antioxidants  since  in  some  cases  they  counteract 
oxidative  damage  to  biomolecules  (Halliwell,  1996),  and  the  possi¬ 
bility  exists  that  increased  intakes  of  these  compounds  may  protect 
against  chronic  disease.  Although  the  term  dietary  antioxidants  is  a 
convenient  description,  these  compounds  are  multifunctional,  and 
some  of  the  actions  observed  in  vivo  may  not  represent  an  antioxi¬ 
dant  function,  even  though  the  compounds  have  been  classified  as 
antioxidant  nutrients  (Sies  and  Stahl,  1995). 

Therefore,  in  this  report  the  above  compounds  were  evaluated 
with  respect  to  their  role  in  human  nutrition,  without  limiting  the 
investigation  to  antioxidant  properties.  Information  was  reviewed 
regarding  the  minimum  amount  of  these  nutrients  required  to  pre¬ 
vent  deficiency  diseases,  as  well  as  the  amounts  that  might  impact 
on  chronic  diseases,  regardless  of  whether  the  effect  was  an  antioxi¬ 
dant  effect  or  not.  Resolution  of  any  impact  of  these  compounds  on 
chronic  disease  will  require  evaluation  of  the  many  human  inter¬ 
vention  trials  that  are  still  under  way  (Table  2-1). 

Four  main  tasks  were  assigned  to  the  Dietary  Reference  Intakes 
Panel  on  Dietary  Antioxidants  and  Related  Compounds.  The  first 
task  was  to  develop  a  definition  of  a  dietary  antioxidant;  the  second 
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TABLE  2-1  Intervention  Trials:  Antioxidants  and  Chronic 
Diseases 


Study  Country  Study  Typefl  Study  Population 


Skin  Cancer 
Prevention 
Study 

(Greenberg 
et  al.,  1990) 

U.S.C 

Secondary  prevention; 
randomized, 
double-blind, 
placebo-controlled 
intervention 

1,805  men  and  women 
with  recent  nonmelanoma 
skin  cancer;  aged  40-89  y 

Linxian  Cancer 
Prevention 
Study 

(Blot  et  al., 
1993) 

China 

Primary  prevention; 
randomized, 
double-blind, 
placebo-controlled 
intervention 

29,584  poorly  nourished 
men  and  women, 
aged  40-69  y 

a-Tocopherol, 

p-Carotene 

Cancer 

Prevention 

Study 

(ATBC  Cancer 
Prevention 
Group,  1994) 

Finland 

Primary  prevention; 
randomized, 
double-blind, 
placebo-controlled 
intervention 

29,133  male  cigarette 
smokers,  aged  50-69  y 

Polyp 

Prevention 

Study 

(Greenberg 
et  al.,  1994) 

U.S. 

Secondary  prevention; 
randomized, 
double-blind, 
placebo-controlled 
intervention 

864  men  and  women  with 
recent  nonmelanoma 
skin  cancer 

The  P-Carotene 
and  Retinol 
Efficacy  Trial 
(Omenn  et  al., 
1996) 

U.S. 

Primary  prevention; 
randomized, 
double-blind, 
placebo-con  trolled 
intervention 

14,254  heavy  smokers  and 
4,060  asbestos  workers, 
aged  45-69  y 

Cambridge 

Heart 

Antioxidant 
Study 
(Stephens 
et  al.,  1996) 

U.K/ 

Secondary  prevention; 
randomized, 
double-blind, 
placebo-controlled 
intervention 

2,002  patients  with 
coronary  atherosclerosis, 
mean  age  62  y 
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Duration 
of  Treatment 

(y) 

Daily  Dose 

Primary 

Disease 

Outcome 

Results^ 

5 

50  mg  (3-carotene 

Skin 

cancer 

No  effect  on  occurrence  of 
new  nonmelanoma  skin 

cancers 

5.25 

15  mg  (3-carotene, 

30  mg  a-tocopherol, 
50  mg  selenium 

Cancer 

9%  reduction  in  total 
mortality;  13%  decrease  in 
cancer  mortality;  21% 
decrease  in  stomach  cancer 
deaths;  10%  decrease  in 
cerebrovascular  mortality 
(nonsignificant) 

6 

50  mg  a-tocopherol 
and/or  20  mg 
(3-carotene 

Lung 

cancer 

50%  increase  in  hemorrhagic 
stroke  deaths  among 
vitamin  E  group;  11% 
increase  in  ischemic  heart 
disease  deaths  among 
p-carotene  group;  18% 
increase  in  lung  cancer 
among  p-carotene  group; 
no  effect  of  vitamin  E  on 
lung  cancer 

4 

25  mg  (3-carotene, 
1,000  mg  vitamin  C, 
400  mg 
a-tocopherol 

Colorectal 

cancer 

No  reduced  incidence  of 
adenomas 

4 

30  mg  p-carotene, 
25,000  IU  retinol 
(as  retinyl  palmitate) 

Lung 

cancer 

28%  increase  in  lung 
cancer;  26%  increase  in 
CVD^  (nonsignificant); 

17%  increase  in  total 
mortality  among  treatment 
group 

1.4 

400  or  800  IU 
(268  or  537  mg) 
a-tocopherol 

CVD 
death  or 
nonfatal 
Ml/ 

77%  decrease  in  risk  of 
subsequent  nonfatal  MI; 
no  benefit  on 
cardiovascular  mortality 

continued 
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TABLE  2-1  Continued 


Physicians’  U.S. 

Health  Study 
(Hennekens 
et  al.,  1996) 

Nutritional  U.S. 

Prevention 
of  Cancer 
Study 

(Clark  et  al., 

1996,  1998) 

GISSI-  Italy 

Prevention 
Trial  (GISSI- 
Prevenzione 
Investigators; 

1999) 

Women’s  U.S. 

Health  Study 
(Lee  et  al., 

1999) 


Primary  prevention; 
randomized, 
double-blind, 
placebo-controlled 
intervention 

Secondary  prevention; 
randomized, 
double-blind, 
placebo-controlled 
intervention 


Primary  prevention; 
randomized, 
double-blind, 
placebo-controlled 
intervention 


22,071  male  physicians, 
aged  40-84  y 


1,312  men  and  women 
with  history  of  basal  or 
squamous  cell  carcinoma; 
aged  18-80  y 


39,876  healthy  women, 
aged  >45  y 


Secondary  prevention;  11,324  patients  with  recent 
randomized,  MI 

double-blind, 
placebo-controlled 
intervention 


Heart 
Outcomes 
Prevention 
Evaluation 
Study 

(HOPE  Study 
Investigators, 

2000) 

Studies  In  Progress 

MRC/BHF  U.K.  Secondary  prevention  20,536  high-risk  men  and 

Heart  trial  women,  aged  40-80  y 

Protection 
Study 

(MRC/BHF, 

1999) 


Canada  Secondary  prevention;  9,541  high-risk  men  and 
randomized,  women,  aged  >55  y 

double-blind, 
placebo-controlled 
intervention 
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Duration 
of  Treatment 

(y) 

Daily  Dose 

Primary 

Disease 

Outcome 

Results6 

12 

50  mg  p-carotene 
(alternate  days) 

Cancer, 

CVD 

No  effects  on  CVD  or  cancer 
including  among  smokers 

4.5 

200  pg  selenium 

Skin 

cancer, 

prostate 

cancer 

No  effect  on  incidence  of 
skin  cancer;  63%  reduction 
in  prostate  cancer 
incidence;  reduction  in 
total  cancer  mortality  and 
total  cancer  incidence 

3-5 

300  mg  a-tocopherol 
and/or  1  g  o>3 
PUFAS 

Total 

mortality 

No  benefit  from  vitamin  E; 
15%  decrease  in  risk  of 
death,  nonfatal  MI,  and 
stroke  from  a>-3  PUFA 

2.1 

50  mg  p-carotene 
(alternate  days) 

MI,  stroke, 
or  CVD 
death 

No  effect  on  incidence  of 
cancer,  CVD,  or  total 
mortality 

4-6 

400  IU  (268  mg) 
a-tocopherol, 

ACE6  inhibitor 

MI,  stroke, 
or  CVD 
death 

No  benefit  from  vitamin  E 

>5 

20  mg  P-carotene, 

600  mg 
a-tocopherol, 

250  mg  vitamin  C 

Total 

mortality 

No  results  yet 

continued 
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TABLE  2-1  Continued 


Study 

Country 

Study  Type" 

Study  Population 

Women’s 

Antioxidant 

Cardiovascular 

Study 

(Manson  et  al., 
1995) 

U.S. 

Secondary  prevention; 
randomized, 
double-blind, 
placebo-controlled 
intervention 

8,000  women  with  prior 

CVD  event  or  >3  coronary 
risk  factors,  aged  >40  y 

Women’s 

Health  Study 
(Buring  and 
Hennekens, 
1992) 

U.S. 

Primary  prevention; 
randomized, 
double-blind, 
placebo-controlled 
intervention 

39,876  healthy  women, 
aged  >45  y 

Physician’s 
Health  Study 

II 

(Hennekens, 

1998) 

U.S. 

Primary  prevention; 
randomized, 
double-blind, 
placebo-controlled 
intervention 

15,000  healthy  male 
physicians,  aged  >55  y 

SUVIMAX 
(Hercberg 
et  ah,  1998) 

France 

Primary  prevention; 
randomized, 
double-blind, 
placebo-controlled 
intervention 

12,735  men  and  women, 
aged  35-60  y 

a  A  primary  prevention  trial  is  one  in  which  the  study  participants  have  no  history  of 
the  disease  outcome  being  investigated.  Participants  in  a  secondary  prevention  trial 
have  had  a  prior  occurrence  of  the  outcome  being  investigated. 

^  Unless  noted  otherwise,  results  are  statistically  significant. 
c  U.S.  =  United  States. 

^  CVD  =  cardiovascular  disease. 


task  was  to  select,  in  addition  to  vitamin  C,  vitamin  E,  and 
p-carotene,  other  food  components  which  might  prove  to  be  anti¬ 
oxidants  and  play  a  role  in  health;  the  third  task  was  to  assess  the 
role  of  these  compounds  in  health;  and  the  fourth  task  was  to  devel¬ 
op  Dietary  Reference  Intakes  (DRIs)  for  the  selected  nutrients.  The 
panel  was  asked  to  evaluate  vitamin  C,  vitamin  E,  and  P-carotene 
and  other  antioxidants.  Since  other  dietary  carotenoids  share  many, 
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Duration 
of  Treatment 

(y) 

Daily  Dose 

Primary 

Disease 

Outcome 

Results* 

4 

50  mg  P-carotene, 

600  IU  a-tocopherol, 
500  mg  vitamin  C 
(alternate  days) 

CVD 

No  results  yet 

NR* 

600  IU  a-tocopherol, 
100  mg  aspirin 
(alternate  days) 

MI,  stroke, 
or  CVD 
death 

No  results  yet 

NR 

50  mg  P-carotene, 

400  IU  a-tocopherol 
(alternate  days), 

500  mg  vitamin  C, 
multivitamin 
(centrum  silver) 

CVD, 

cancer, 

eye 

diseases 

No  results  yet 

8 

6  mg  p-carotene, 

30  mg  a-tocopherol, 
120  mg  vitamin  C, 
100  pg  selenium, 

20  mg  zinc 

Cancer, 

ischemic 

heart 

disease 

No  results  yet 

gU.K.  =  United  Kingdom. 

/MI  =  myocardial  infarction. 
g  PUFA  =  polyunsaturated  fatty  acid. 

*  ACE  =  angiotension-converting  enzyme. 

*  NR  =  not  reported. 


although  not  all,  of  the  properties  of  (3-carotene,  additional 
carotenoids  (a-carotene,  (3-cryptoxanthin,  lutein,  lycopene,  and 
zeaxanthin)  were  added  as  related  nutrients  that  would  be  investi¬ 
gated.  In  addition,  because  of  the  important  role  that  selenium 
plays  as  a  cofactor  for  oxidant  defense  enzymes,  it  was  also  included 
as  a  related  nutrient 
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DEFINITION  AND  CRITERIA  FOR  A  DIETARY 
ANTIOXIDANT 

Definition  of  a  Dietary  Antioxidant 

The  definition  was  based  on  several  criteria:  (1)  the  substance  is 
found  in  human  diets;  (2)  the  content  of  the  substance  has  been 
measured  in  foods  commonly  consumed;  and  (3)  in  humans,  the 
substance  decreases  the  adverse  effects  of  reactive  species,  such  as 
reactive  oxygen  and  nitrogen  species  in  vivo.  Thus,  the  definition  of 
a  dietary  antioxidant  is  as  follows: 

A  dietary  antioxidant  is  a  substance  in  foods  that  significantly  decreases 
the  adverse  effects  of  reactive  species,  such  as  reactive  oxygen  and  nitrogen 
species,  on  normal  physiological  function  in  humans. 

This  stringent  definition,  with  supporting  information,  was  slight¬ 
ly  modified  from  the  proposed  definition  published  earlier  (IOM, 
1998).  The  earlier  report  stated  that  the  nutritional  recommenda¬ 
tions  that  will  be  presented  in  the  final  report  for  some  of  these 
dietary  components  may  not  be  determined  by  or  related  to  their 
possible  action  as  antioxidants.  The  primary  indicators  for  develop¬ 
ing  the  Dietary  Reference  Intakes  (DRIs)  are  based  on  specific  ac¬ 
tions  and  effects  of  the  compounds  that  may  or  may  not  be  attribut¬ 
ed  to  their  antioxidant  activity.  In  particular,  criteria  chosen  upon 
which  to  base  EARs  and  thus  RDAs  for  any  of  the  compounds  inves¬ 
tigated  are  not  related  specifically  to  ameliorating  chronic  diseases 
because  a  scientific  justification  for  such  a  requirement  was  not 
found. 

The  European  Commission  Concerted  Action  on  Functional  Food 
also  adopted  stringent  criteria  regarding  the  relationship  between 
free-radical  events  and  human  disease,  and  whether  antioxidants 
are  capable  of  modulating  these  events  and  thus  reducing  the  risk 
of  disease  (Diplock  et  al.,  1998).  The  summary  report  concluded 
that,  “there  is  at  present  insufficient  evidence  available  on  which  to 
base  a  firm  conclusion  that  antioxidants  are  capable  of  reducing 
risk  of  disease”  (Diplock,  1998).  Recommendations  for  the  nutri¬ 
ents  in  this  report  are  similar.  However,  it  should  be  pointed  out 
that  a  large  number  of  human  intervention  studies  are  under  way 
using  the  compounds  discussed  in  this  report,  and  the  results  of 
these  studies  may  give  rise  to  new  conclusions. 
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Are  Vitamin  C,  Vitamin  E,  Selenium,  and  fi-Carotene  and  Other 
Carotenoids  Dietary  Antioxidants  ? 

Vitamin  C  functions  physiologically  as  a  water-soluble  antioxidant 
by  virtue  of  its  very  strong  reducing  power  (high  redox  potential) 
and  facile  regeneration  via  ubiquitous  reductants  such  as  glutathione, 
nicotinamide  adenine  dinucleotide,  and  nicotinamide  adenine 
dinucleotide  phosphate.  The  primary  method  used  to  estimate  the 
requirement  relates  to  the  vitamin  C  intake  needed  to  maintain 
near-maximal  neutrophil  ascorbate  concentration  with  minimal  uri¬ 
nary  excretion.  Because  smokers  suffer  increased  oxidative  stress 
and  metabolic  turnover  of  vitamin  C,  their  requirement  is  increased. 
Although  there  is  ample  evidence  that  vitamin  C  administration 
can  result  in  decreases  in  markers  of  oxidative  stress,  a  Recom¬ 
mended  Dietary  Allowance  (RDA)  derived  from  a  direct  antioxidant 
function  of  vitamin  C  could  not  be  calculated  because  of  the  lack  of 
a  quantitative  relationship  between  this  antioxidant  function  and  a 
health-related  endpoint.  Since  vitamin  C  reduces  markers  of  oxida¬ 
tive  stress,  it  meets  the  definition  of  a  dietary  antioxidant. 

Vitamin  E  functions  as  a  chain-breaking  antioxidant  that  prevents 
the  propagation  of  lipid  peroxidation.  To  estimate  the  requirement, 
data  were  examined  on  the  intake  of  vitamin  E  that  would  prevent 
hydrogen  peroxide-induced  lysis  of  erythrocytes.  Under  these  cir¬ 
cumstances,  vitamin  E  is  acting  as  an  ex  vivo  antioxidant,  maintain¬ 
ing  a  normal  physiological  function  in  humans.  Although  it  is  not 
yet  possible  to  relate  vitamin  E  intake  to  a  lowering  of  chronic  dis¬ 
ease  risk,  it  still  meets  the  definition  of  a  dietary  antioxidant. 

Selenium  functions  through  selenoproteins,  several  of  which  are 
oxidant  defense  enzymes.  The  criterion  used  to  estimate  the  re¬ 
quirement  for  selenium  relates  to  the  intake  needed  to  maximize 
the  activity  of  the  plasma  selenoprotein  glutathione  peroxidase,  an 
oxidant  defense  enzyme.  It  is  not  clear  if  the  diseases  associated 
with  selenium  deficiencies,  Keshan  disease  or  Kashin-Beck  disease, 
are  due  to  oxidative  stress.  The  selenium  in  several  selenoproteins 
has  a  biochemical  role  in  oxidant  defense,  thus  maintaining  normal 
physiological  function,  and  as  such  plays  a  role  as  a  dietary  antioxi¬ 
dant. 

fi-Carotene  and  other  carotenoids  function  as  sources  of  vitamin  A 
and,  due  to  this  provitamin  A  activity,  can  prevent  vitamin  A  defi¬ 
ciency.  Because  no  other  specific  nutrient  functions  have  been  iden¬ 
tified  at  this  time,  no  requirements  have  been  established  for  any  of 
the  carotenoids.  p-Carotene  and  the  other  carotenoids  display  in 
vitro  antioxidant  activity,  but  the  evidence  that  they  act  as  in  vivo 
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antioxidants  in  humans  is  still  controversial.  Therefore,  (3-carotene 
does  not  meet  the  definition  of  a  dietary  antioxidant.  Similar  con¬ 
clusions  have  been  drawn  for  a-carotene,  (3-cryptoxanthin,  lycopene, 
lutein,  and  zeaxanthin. 

OXIDATIVE  STRESS,  ANTIOXIDANTS,  AND 
CHRONIC  DISEASE 

Oxidative  Stress 

There  have  been  many  proposals  as  to  how  oxidative  stress  can  be 
defined.  Because  all  cells  are  exposed  to  oxidants,  generated  either 
endogenously  from  metabolism  or  exogenously  from  a  variety  of 
environmental  insults,  the  problem  arises  as  to  what  constitutes  an 
oxidative  stress.  Furthermore,  different  cells  can  be  exposed  to  the 
same  level  of  oxidants,  but  depending  on  the  level  of  antioxidants 
or  protective  mechanisms  available  to  the  cell,  they  may  or  may  not 
experience  an  oxidative  stress.  Sies  (1985)  defined  oxidative  stress 
as  “a  disturbance  in  the  prooxidant-antioxidant  balance  in  favor  of 
the  former.”  Others  have  amplified  this  definition  to  include  “short- 
and/or  long-term  disturbance  of  the  prooxidant-antioxidant  bal¬ 
ance  resulting  in  adverse  effects  that  are  due  either  to  impaired 
antioxidation  or  to  favored  prooxidation”  (Biesalski  et  al.,  1997). 
Here,  oxidative  stress  is  defined  as  an  imbalance  between  the  pro¬ 
duction  of  various  reactive  species  and  the  ability  of  the  organism’s 
natural  protective  mechanisms  to  cope  with  these  reactive  com¬ 
pounds  and  prevent  adverse  effects. 

The  primary  reactive  species  include  reactive  oxygen  species 
(ROS)  and  reactive  nitrogen  species  (RNS).  These  in  turn  react  in 
the  body  and  generate  radical  intermediates  of  lipids,  proteins,  and 
nucleic  acids  that  ultimately  form  the  chemical  end  products  of 
oxidative  stress.  The  physiological  consequences  of  these  end  prod¬ 
ucts  have  been  hypothesized  to  be  the  causes  of  many  chronic  dis¬ 
eases  as  well  as  the  natural  aging  process  (Ames,  1998;  Halliwell, 
1997).  The  protective  mechanisms  include  protective  enzymes,  an¬ 
tioxidant  or  quenching  compounds  produced  by  the  organism,  and 
similar  compounds  made  available  in  the  diet.  The  evidence  that 
chronic  disease  results  from  an  imbalance  between  formation  and 
removal  of  reactive  species  is  discussed  below. 

The  primary  defensive  compounds  are  antioxidants  that  can  in¬ 
teract  with  and  quench  reactive  radical  species,  and  enzymes  that 
can  inactivate  these  species  or  their  products.  All  of  the  compounds 
in  this  report— vitamin  C,  vitamin  E,  selenium  in  the  form  of  se¬ 
lenoproteins,  and  (3-carotene  and  other  carotenoids — are  in  vitro 
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antioxidants,  and  some  evidence  exists  that  they  have  in  vivo  antiox¬ 
idant  actions.  The  protective  enzymes  include,  among  others,  super¬ 
oxide  dismutase,  catalase,  and  selenium-containing  glutathione  per¬ 
oxidases  and  thioredoxin  reductase.  Other  antioxidant  mechanisms 
include  stimulation  of  the  expression  of  antioxidant  or  repair  en¬ 
zymes,  as  well  as  chelation  of  transition  metals.  A  recent  review  of 
the  relationship  between  antioxidant  supplementation  and  oxida¬ 
tive  damage  concludes  that,  with  the  exception  of  vitamin  E  and 
possibly  vitamin  C  reducing  markers  of  lipid  peroxidation,  the  evi¬ 
dence  is  insufficient  that  antioxidant  supplementation  leads  to  a 
material  reduction  in  oxidative  damage  in  humans  (McCall  and 
Frei,  1999). 


Biomarkers  of  Oxidative  Stress 

There  have  been  numerous  tests  described  to  evaluate  the  level  of 
markers  of  oxidative  stress  in  living  systems.  Many  of  these  markers 
represent  oxidative  breakdown  products  of  normal  tissue  compo¬ 
nents  and  metabolites.  Products  derived  from  oxidized  lipids  in¬ 
clude  age  pigments  (lipofuscin),  aldehydes,  alkanes,  and  pros¬ 
tanoids  such  as  the  F2-isoprostanes  derived  from  unsaturated  fatty 
acids.  Oxidation  of  proteins  produces  protein  carbonyls  and  amino 
acid  derivatives  such  as  methionine  sulfoxide  and  nitro tyrosine,  de¬ 
rived  from  the  reaction  of  peroxynitrite  (ONOO-)  with  tyrosine. 
Purine  and  pyrimidine  metabolites  that  are  derived  from  oxidized 
nucleic  acids  can  be  detected  in  tissues  and  in  urine.  Since  virtually 
all  tissues  are  exposed  to  ROS  and  RNS,  there  will  always  be  a  base¬ 
line  production  of  these  biomarker  molecules.  What  is  important  in 
evaluating  the  extent  of  oxidative  stress  is  the  change  in  the  level  of 
the  biomarker  compared  to  a  baseline  or  steady-state  level. 

It  is  quite  clear  that  dietary  change  can  alter  the  levels  of  some  of 
the  biomarkers  described  above,  and  this  phenomenon  has  been 
reported  when  the  dietary  intake  of  fruits  and  vegetables  has  been 
increased.  Examples  of  such  studies  include  reductions  in  biomark¬ 
ers  of  deoxyribonucleic  acid  (DNA)  damage  (Pool-Zobel  et  al., 
1997)  or  of  lipid  peroxidation  (Miller  et  al.,  1998),  following  con¬ 
sumption  of  diets  rich  in  fruits  and  vegetables.  Many  of  these  stud¬ 
ies  have  been  reviewed  recently  (Halliwell,  1999). 

A  major  problem  with  the  use  of  biomarkers  such  as  those  de¬ 
scribed  above  is  not  knowing  whether  they  reflect  processes  in  the 
initiation  of  a  disease  state  or  whether  they  are  products  of  a  disease 
state.  The  validity  of  biomarkers,  either  intermediate  or  final,  will 
not  be  settled  until  they  are  evaluated  as  part  of  intervention  trials. 
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A  causal  relationship  between  the  formation  of  a  biomarker  of  oxi¬ 
dant  stress  and  a  chronic  disease  has  not  yet  been  validated. 

Some  attempts  have  been  made  to  determine  a  more  global  mea¬ 
sure  of  oxidative  stress,  such  as  TRAP  (total  radical-trapping  antiox¬ 
idant  capability)  (Wayner  et  ah,  1985),  ORAC  (oxygen  radical  ab¬ 
sorbance  capacity)  (Cao  et  ah,  1993),  TEAC  (trolox  equivalent 
antioxidant  capacity)  (Miller  et  ah,  1993),  and  FOX  (ferrous  oxida- 
tion/xylenol  orange)  (Jiang  et  ah,  1992)  assays.  However,  because 
these  markers  do  not  measure  the  same  oxidants  or  antioxidant 
defenses  (Cao  and  Prior,  1998),  it  is  difficult  to  validate  them  as 
useful  markers  of  oxidant  stress. 

Evidence  of  Oxidative  Stress  and  Chronic  Disease 

Aerobic  metabolism  produces  energy,  waste  products  such  as  car¬ 
bon  dioxide,  and  a  small,  but  steady  stream  of  radical  by-products 
that  are  capable  of  reacting  with  all  of  the  body’s  constituents  to 
form  oxidative  damage  products  (Ames  et  ah,  1993;  Chance  et  al., 
1979).  Calculations  have  been  made  of  the  number  of  radical  spe¬ 
cies  formed  per  cell  per  day,  but  it  is  not  at  all  clear  how  these 
numbers  relate  to  diseases.  Since  the  entire  population  is  exposed 
to  oxidative  stresses  and  only  a  small  fraction  develops  a  chronic 
disease,  it  is  clear  that  at  this  time,  it  is  not  understood  how  to 
evaluate  the  role  of  oxidative  stress  in  the  development  of  chronic 
disease.  The  potential  role  of  oxidative  stress  in  six  chronic  disease 
areas  and  aging  is  described  briefly  below. 

Cancer 

DNA  is  subject  to  damage,  and  either  an  exogenous  or  an  endog¬ 
enous  mutagen  can  produce  damage  at  a  faster  rate  than  the  nor¬ 
mal  protective  process  of  enzymatic  repair  (Ames  et  ah,  1995).  Un¬ 
der  these  circumstances,  elevated  levels  of  excision  products  will 
appear  in  the  urine.  The  observation  that  S-oxy^S-dihydro^-deox- 
yguanosine  (8-oxodG)  is  a  major  urinary  product  of  both  oxidative 
damage  to  DNA  and  damage  by  ionizing  radiation  that  produces 
ROS,  has  served  as  the  basis  for  the  hypothesis  that  oxidative  DNA 
damage  is  carcinogenic  (Ames  et  ah,  1995).  The  presence  of  8- 
oxodG  in  DNA  would  lead  to  a  guanine-to-thymine  transversion 
that  would  result  in  a  DNA  mutation  and,  depending  on  its  loca¬ 
tion,  an  altered  gene  product.  8-OxodG  is  also  produced  by  ioniz¬ 
ing  radiation,  and  since  this  process  can  be  carcinogenic,  it  has 
been  assumed  that  any  condition  that  produces  8-oxodG  will  also 
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be  carcinogenic.  However,  a  causal  relationship  between  oxidative 
stress  to  DNA  and  cancer  in  humans  has  not  yet  been  established 
(Poulsen  et  al.,  1998). 

A  great  deal  of  evidence  based  on  epidemiological  studies  indi¬ 
cates  that  consuming  diets  rich  in  fruits  and  vegetables  is  associated 
with  both  a  decrease  in  oxidative  damage  to  DNA  (Halliwell,  1998) 
and  a  lower  risk  of  a  number  of  common  cancers.  There  are  several 
mechanisms  that  could  account  for  these  observations,  in  addition 
to  antioxidant  components  that  scavenge  radical  intermediates. 
Other  mechanisms  include  the  modification  of  carcinogen  acti¬ 
vation  by  the  inhibition  of  phase  1  enzymes,  modification  of  car¬ 
cinogen  detoxification  by  phase  2  enzymes,  and  suppression  of  the 
abnormal  proliferation  associated  with  preneoplastic  lesions  (War- 
govich,  1997). 

Cardiovascular  Disease 

Of  all  the  chronic  diseases  in  which  excess  oxidative  stress  has 
been  implicated,  cardiovascular  disease  has  the  strongest  support¬ 
ing  evidence.  A  coherent  pathogenetic  mechanism  has  been  devel¬ 
oped  to  account  for  the  earliest  stage  in  atherogenesis,  namely,  the 
development  of  the  fatty  streak  lesion.  Hypercholesterolemia  and, 
particularly,  increased  concentrations  of  low-density  lipoproteins 
(LDLs)  cause  the  accumulation  of  cholesterol-loaded  “foam  cells” 
beneath  the  endothelial  lining  of  major  arteries,  which  in  turn  de¬ 
velop  into  a  fatty  streak.  This  lesion  is  clinically  benign  but  is  the 
precursor  of  later  lesions  (the  fibrous  plaque  and  the  complex  le¬ 
sion)  that  ultimately  give  rise  to  clinical  manifestations  (angina  pec¬ 
toris  and  myocardial  infarction)  (Steinberg  and  Witztum,  1990). 

An  elevated  LDL  cholesterol  level  sufficiently  increases  the  risk  of 
cardiovascular  disease.  Brown  and  Goldstein  (1986)  demonstrated 
that  the  molecular  defect  in  individuals  with  familial  hypercholes¬ 
terolemia  was  the  absence  of  functional  LDL  receptors.  The  histo¬ 
logical  lesions  in  these  patients  cannot  be  differentiated  from  that 
of  lesions  in  individuals  who  have  normal  LDL  receptors.  The  im¬ 
plication  therefore  is  that  normal  LDL  taken  up  by  way  of  the  nor¬ 
mal  LDL  receptor  cannot  be  the  basis  for  the  formation  of  foam 
cells.  In  other  words,  the  LDL  must  first  be  modified  somehow  and 
the  modified  form  must  be  taken  up  into  the  monocytes  or  mac¬ 
rophages  via  one  or  more  alternative  receptors  ultimately  and  de¬ 
velop  into  foam  cells.  One  such  modification,  and  the  most  exten¬ 
sively  studied,  is  LDL  oxidation,  and  several  macrophage  receptors 
have  been  shown  to  take  up  oxidatively  modified  LDL  (oxLDL)  and 


48 


DIETARY  REFERENCE  INTAKES 


thus  develop  foam  cells  (Navab  et  al.,  1995;  Steinberg,  1997;  Stein¬ 
berg  and  Witztum,  1990;  Steinberg  et  al.,  1989;  Steinbrecher,  1997). 

In  addition  to  its  ability  to  cause  foam  cell  formation,  oxLDL  can 
contribute  to  atherogenesis  by  virtue  of  a  number  of  properties  that 
differ  from  those  of  normal  LDL  (reviewed  in  Steinberg,  1997). 
The  key  question  is  whether  these  potentially  proatherogenic  prop¬ 
erties  of  oxLDL  are  of  sufficient  importance  that  inhibition  of  the 
generation  of  oxLDL  by  antioxidants  will  have  a  significant  impact 
on  the  rate  of  progression  of  atherosclerotic  lesions. 

The  finding  that  a  relationship  existed  between  LDL  levels  and 
the  incidence  of  cardiovascular  disease  was  followed  by  the  observa¬ 
tion  that  oxLDL  was  associated  with  the  development  of  atheroscle¬ 
rotic  lesions  in  experimental  animals.  This  association  led  to  the 
hypothesis  that  oxLDL  is  the  causative  agent  in  the  development  of 
cardiovascular  disease  (Steinberg  et  al.,  1989).  This  hypothesis  has 
served  as  the  basis  for  a  number  of  human  intervention  trials,  test¬ 
ing  whether  antioxidant  agents  capable  of  decreasing  the  extent  of 
oxidation  of  LDL  and  thus  decreasing  oxLDL  concentration  might 
prove  useful  in  decreasing  the  incidence  of  cardiovascular  disease. 

Several  biomarkers  of  oxidative  stress  have  been  used  to  evaluate 
the  extent  of  oxLDL  formation  and/or  the  extent  of  oxidative  dam¬ 
age  to  lipids  in  general.  OxLDL  formation  has  been  assessed  after 
treating  individuals  with  dietary  antioxidants  and  evaluating  the 
presence  of  oxLDL.  In  addition  there  have  been  reports  of  a  potent 
effect  of  supplementary  antioxidants  in  lowering  the  extent  of  ex 
vivo  oxLDL  formation.  The  results  are  not  consistent,  and  as  such, 
it  is  still  not  possible  to  conclude  that  dietary  antioxidants  prevent 
the  formation  of  oxLDL  in  vivo.  In  addition,  this  modulation  of 
LDL  oxidation  still  must  be  validated  as  a  marker  of  risk  for  cardio¬ 
vascular  disease  (Zock  and  Katan,  1998). 

The  appearance  of  F2-isoprostanes  in  urine  has  been  suggested  by 
a  number  of  investigators  as  a  reliable  index  of  in  vivo  free  radical 
generation  and  oxidative  lipid  formation.  There  is  very  strong  evi¬ 
dence  from  animal  studies  that  F2-isoprostanes  increase  in  plasma 
and  urine  as  a  result  of  oxidative  stress,  and  in  humans,  these  prod¬ 
ucts  are  elevated  in  smokers  (Morrow  et  al.,  1995) .  Evidence  is  grad¬ 
ually  accumulating  that  supplementary  antioxidants,  and  vitamin  E 
in  particular,  can  both  affect  the  level  of  F2-isoprostanes  in  animal 
models  of  atherosclerosis  and  decrease  the  extent  of  arterial  wall 
lesions  (Pratico  et  al.,  1998).  Similar  results  have  been  obtained  in 
humans  (Hodis  et  al.,  1995).  Although  some  reviews  point  out  that 
the  protective  role  of  antioxidants  in  animal  models  of  atheroscle¬ 
rosis  is  only  partially  confirmed  in  human  studies  (Faggiotto  et  al., 
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1998),  others  are  much  more  supportive  of  a  protective  role  for 
vitamin  E  in  coronary  heart  disease  (Pryor,  2000) . 

Cataracts 

There  have  been  a  number  of  observational  epidemiological  stud¬ 
ies  of  the  risk  of  developing  cataracts  in  humans.  Many  of  these 
studies  indicate  that  the  risk  of  cataracts  may  be  inversely  propor¬ 
tional  to  the  serum  level  of  antioxidants  (Knekt  et  al.,  1992;  Taylor 
et  al.,  1995)  or  may  be  reduced  by  supplement  use  (Jacques  et  al., 
1997).  These  studies,  however,  have  been  considered  to  be  incon¬ 
clusive  (Christen  et  al.,  1996a;  Leske  et  al.,  1998).  In  the  Alpha- 
Tocopherol,  Beta-Carotene  Cancer  Prevention  Study,  5  to  8  years  of 
daily  supplementation  with  either  50  mg  of  vitamin  E  or  20  mg  of  P~ 
carotene  or  both  resulted  in  no  difference  in  the  prevalence  of 
cataracts  in  the  men  in  this  study  (Teikari  et  al.,  1997). 

Age-Related  Macular  Degeneration 

This  irreversible  disease,  which  is  the  major  form  of  blindness  in 
the  elderly  in  the  United  States,  Canada,  and  Europe,  has  been 
related  to  antioxidants  found  in  the  diet.  This  is  because  the  pig¬ 
ment  in  the  macular  region  of  the  normal  retina  consists  of  the  two 
xanthophyll  carotenoids,  lutein  and  zeaxanthin  (Bone  et  al.,  1988; 
Handelman  et  al.,  1988).  This  observation,  coupled  with  the  epide¬ 
miological  observations  of  an  inverse  relationship  between  the  risk 
of  age-related  macular  degeneration  (AMD)  and  the  ingestion  of 
fruits  and  vegetables  (Goldberg  et  al.,  1988) ,  led  a  number  of  groups 
to  propose  that  the  basis  of  this  chronic  disease  was  a  nutritional 
deficiency  of  green,  leafy  vegetables  and  yellow  and  orange  fruits 
and  vegetables  that  were  rich  in  lutein  and  zeaxanthin  (EDCCSG, 
1992;  Seddon  et  al.,  1994;  Snodderly,  1995).  Another  association 
was  the  observation  that  smokers,  who  have  lower  plasma  levels  of 
carotenoids,  also  have  a  lower  macular  pigment  (lutein  and  zeaxan¬ 
thin)  density  (Hammond  et  al.,  1996)  and  an  increased  risk  of  de¬ 
veloping  AMD  (Christen  et  al.,  1996b).  However,  all  of  these  re¬ 
ports  are  associative  in  nature  and  do  not  demonstrate  a  causal 
relationship  between  deficiencies  of  lutein  and  zeaxanthin  and  de¬ 
velopment  of  AMD. 
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Central  Neurodegenerative  Diseases 

There  is  increasing  evidence  that  a  number  of  common  neuro¬ 
degenerative  diseases,  such  as  Alzheimer’s  disease,  Parkinson’s  dis¬ 
ease,  multiple  sclerosis,  and  amyotrophic  lateral  sclerosis  may  in¬ 
clude  adverse  responses  to  oxidative  stress.  Small  intervention  trials 
in  patients  with  these  diagnoses  have  reported  some  improvement 
with  either  vitamin  E  (Muller,  1994;  Sano  et  al.,  1997)  or  vitamin  C 
(Morris  et  al,  1998;  Riviere  et  al.,  1998),  but  it  is  still  too  early  to 
draw  any  conclusions  as  to  the  usefulness  of  these  compounds  in 
these  diseases,  or  to  their  ability  to  delay  onset  of  the  disease. 

Diabetes  Mellitus 

Cardiovascular  complications  are  the  major  causes  of  death  in 
diabetes.  The  incidence  of  coronary  heart  disease  in  type  II  diabe¬ 
tes  is  significantly  higher  than  that  in  the  general  population  (Kan- 
nel  and  McGee,  1979).  In  addition,  individuals  with  diabetes  expe¬ 
rience  microvascular  complications  (retinopathy,  neuropathy,  and 
nephropathy)  secondary  to  their  hyperglycemia.  Thus,  oxidative 
processes  also  may  play  an  important  role  in  the  development  or 
progression  of  diabetes  mellitus. 

In  vitro  oxidation  of  LDL  from  patients  with  diabetes  mellitus 
proceeds  at  an  accelerated  rate,  which  suggests  that  they  are  more 
susceptible  to  the  atherogenic  process  (Chisolm  et  al.,  1992;  Nishiga- 
ki  et  al.,  1981;  Reaven  et  al.,  1995;  Tsai  et  al.,  1994).  The  several  ways 
in  which  oxLDL  is  potentially  more  atherogenic  than  native  LDL 
have  been  discussed  above  (see  section  “Cardiovascular  Disease”). 

Diabetics  tend  to  have  smaller,  denser  LDL  (associated  with  hy¬ 
pertriglyceridemia)  and  these  LDLs  are  more  susceptible  to  oxida¬ 
tive  modification  ex  vivo  (Feingold  et  al.,  1992).  The  TRAP  of  plas¬ 
ma  from  patients  with  insulin-dependent  diabetes  is  decreased  (Tsai 
et  al.  1994),  which  may  account  in  part  for  the  greater  susceptibility 
of  their  LDL  to  oxidation. 

Microvascular  complications  are  believed  to  be  the  ultimate  con¬ 
sequences  of  nonenzymatic  glycosylation  and  the  progressive  accu¬ 
mulation  of  advanced  glycosylation  end  products  (AGEs) .  There  is 
evidence  that  the  formation  of  these  complex  carbohydrate-protein 
and  carbohydrate-lipid  complexes  is  accompanied  and  accelerated 
by  oxidative  processes,  which  may  lead  to  diabetic  complications 
(Brownlee  et  al.,  1988;  Dyer  et  al.,  1995;  Hunt  et  al.,  1988;  McCance 
et  al.,  1993;  Mullarkey  et  al.,  1990).  The  glycosylation  process  is 
associated  with  increased  formation  of  free  radicals,  and  the  possi- 
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bility  that  treatment  with  antioxidants  might  slow  the  development 
of  AGEs  is  under  investigation. 

The  issue  of  whether  modifications  observed  in  plasma  and  tissue 
proteins  in  patients  with  diabetes  are  due  to  an  oxidative  stress  or  a 
stress  from  reactive  carbonyls  has  been  discussed  by  Baynes  and 
Thorpe  (1999).  A  number  of  studies  have  tried  altering  the  patho- 
biology  of  diabetes  by  treating  patients  with  either  single  antioxi¬ 
dant-type  compounds  or  combinations  of  compounds  with  antioxi¬ 
dant  properties.  The  results  have  been  inconclusive,  which  may 
reflect  the  fact  that  the  underlying  pathology  is  not  caused  exclu¬ 
sively  by  an  oxidative  stress,  but  by  an  inability  to  metabolize  and 
inactivate  reactive  carbonyls  appropriately.  Under  these  circum¬ 
stances,  the  oxidative  damage  may  be  exacerbated,  resulting  in  an 
increase  in  many  of  the  markers  associated  with  oxidative  stress  but 
not  caused  directly  by  oxidative  stress  (Baynes  and  Thorpe,  1999). 

Aging 

Aging  is  not  in  itself  a  chronic  disease,  but  rather  is  characterized 
by  the  active  or  passive  presence  of  a  chronic  disease  (cardiovascu¬ 
lar  disease,  cancer,  cataracts,  Alzheimer’s  disease,  etc.).  It  is  not 
clear  if  an  accumulation  of  chronic  insults  and  weakened  defenses 
renders  the  aging  individual  more  susceptible  to  various  diseases. 
Do  antioxidants  play  a  role  in  preventing  aging  or  prolonging  life? 
There  is  no  direct  evidence  in  humans  for  such  an  effect,  although 
vitamin  E  supplementation  appears  to  improve  some  immune  re¬ 
sponses  in  the  elderly  (Meydani  et  al.,  1997).  There  have  been  sug¬ 
gestions  that  supplementing  older  animals  with  antioxidants  may 
improve  various  physiological  functions  (Hagen  et  al.,  1999),  but 
the  only  experimental  intervention  that  has  resulted  in  prolonga¬ 
tion  of  the  life  span  of  the  animals  has  been  the  drastic  reduction  of 
food  consumption  (Pariza  and  Boutwell,  1987).  Whether  such  a 
protocol  would  delay  aging  in  humans  has  not  yet  been  studied. 
Whether  dietary  antioxidants  can  lead  to  healthier  aging  remains  to 
be  proven. 

CONCLUSIONS 

There  is  little  doubt  that  an  imbalance  in  the  production  of  free 
radicals  and  other  reactive  species  and  the  natural  protective  sys¬ 
tems  available  to  organisms  can  lead  to  the  production  of  oxidized 
products  of  lipids,  nucleic  acids,  and  proteins.  These  oxidation 
products,  or  biomarkers  of  this  imbalance,  may  be  related  to  early 
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events  in  certain  chronic  diseases.  However,  they  have  not  yet  been 
adequately  validated  as  markers  of  the  onset,  progression,  or  regres¬ 
sion  of  any  chronic  diseases.  Although  vitamin  C,  vitamin  E,  and 
selenium  have  been  shown  to  decrease  the  concentrations  of  some 
of  the  biomarkers  associated  with  oxidative  stress,  the  relationship 
between  such  observations  and  chronic  disease  remain  to  be  eluci¬ 
dated.  As  a  consequence,  it  has  not  been  possible  to  establish  that 
dietary  antioxidants  or  other  nutrients  that  can  alter  the  levels  of 
these  biomarkers  are  themselves  causally  related  to  the  develop¬ 
ment  or  prevention  of  chronic  diseases. 
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Vitamin  C,  Vitamin  E, 
Selenium,  and  P-Carotene 
and  Other  Carotenoids: 
Methods 


METHODOLOGICAL  CONSIDERATIONS 
Types  of  Data  Used 

A  number  of  disciplines  have  made  key  contribudons  to  the  evi¬ 
dence  linking  antioxidants  to  outcomes  that  may  relate  to  human 
health  (e.g.,  Hennekens  and  Buring,  1987).  Basic  biological  re¬ 
search  often  involving  animal  models,  provides  crucial  information 
on  mechanisms  that  may  link  nutrient  consumption  to  beneficial  or 
adverse  health  outcomes.  Clinical  and  epidemiological  observation¬ 
al  studies  likewise  play  a  valuable  role  in  generating  and  testing 
hypotheses  concerning  the  health  risks  and  benefits  of  nutrient  in¬ 
take  patterns.  Randomized  clinical  trials  in  population  groups  of 
interest  have  the  potential  to  provide  definitive  comparisons  be¬ 
tween  selected  nutrient  intake  patterns  and  subsequent  health- 
related  outcomes.  Note,  however,  that  randomized  trials  attempt¬ 
ing  to  relate  diet  to  disease  states  also  have  important  limitations, 
which  are  elaborated  below. 

Animal  Models 

Basic  research  using  experimental  animals  affords  considerable 
advantage  in  terms  of  control  of  nutrient  exposures,  environmental 
factors,  and  even  genetics.  In  contrast,  the  relevance  to  free-living 
humans  may  be  unclear.  In  addition,  dose  levels  and  routes  of  ad¬ 
ministration  that  are  practical  and  possible  in  animal  experiments 
may  differ  greatly  from  those  that  are  relevant  to  or  possible  with 
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humans.  Nevertheless,  results  from  animal  feeding  experiments 
regarding  vitamin  C,  vitamin  E,  selenium,  and  P-carotene  and  other 
carotenoids  were  included  in  the  evidence  reviewed  in  developing 
the  decisions  concerning  the  ability  to  specify  the  Dietary  Refer¬ 
ence  Intakes  (DRIs)  for  these  nutrients. 

Human  Feeding  Studies 

Controlled  feeding  studies,  usually  in  a  confined  setting  such  as  a 
metabolic  ward,  can  yield  valuable  information  on  the  relationship 
between  nutrient  consumption  and  health-related  biomarkers. 
Much  of  the  understanding  of  human  nutrient  requirements  to  pre¬ 
vent  deficiencies  is  based  on  studies  of  this  type.  Studies  in  which 
the  subjects  are  confined  allow  for  close  control  of  both  intake  and 
activities.  Complete  collections  of  nutrient  losses  through  urine  and 
feces  are  possible,  as  is  recurring  sampling  of  biological  materials 
such  as  blood.  Nutrient  balance  studies  measure  nutrient  status  in 
relation  to  intake,  whereas  depletion-repletion  studies  measure  nu¬ 
trient  status  while  subjects  are  maintained  on  diets  containing  mar¬ 
ginally  low  or  deficient  levels  of  a  nutrient,  followed  by  correction 
of  the  deficit  with  measured  amounts  of  the  nutrient.  However, 
these  studies  have  several  limitations:  typically  they  are  limited  in 
time  to  a  few  days  or  weeks,  so  longer-term  outcomes  cannot  be 
measured  with  the  same  level  of  accuracy.  In  addition,  subjects  may 
be  confined,  and  therefore  findings  cannot  be  generalized  to  free- 
living  individuals.  Finally,  the  time  and  expense  involved  in  such 
studies  usually  limit  the  number  of  subjects  and  the  number  of 
doses  or  intake  levels  that  can  be  tested. 

In  spite  of  these  limitations,  feeding  studies  play  an  important 
role  in  understanding  nutrient  needs  and  metabolism.  Such  data 
were  considered  in  the  DRI  process  and  were  given  particular  atten¬ 
tion  in  the  absence  of  reliable  data  with  which  to  directly  relate 
nutrient  intake  to  disease  risk. 

Observational  Studies 

In  comparison,  observational  epidemiological  studies  are  fre¬ 
quently  of  direct  relevance  to  free-living  humans  but  lack  the  con¬ 
trolled  setting  of  human  feeding  studies.  Hence  they  may  be  able  to 
establish  convincing  evidence  of  an  association  between  the  con¬ 
sumption  of  a  nutrient  and  disease  risk,  but  they  are  limited  in  their 
ability  to  ascribe  a  causal  relationship.  A  judgment  of  causality  may 
be  supported  by  a  consistency  of  association  among  studies  in  di- 
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verse  populations  and  may  be  strengthened  by  the  use  of  laborato¬ 
ry-based  tools  to  measure  exposures  and  confounding  factors,  rath¬ 
er  than  other  means  of  data  collection  such  as  personal  interviews. 
In  recent  years,  rapid  advances  in  laboratory  technology  have  made 
possible  the  increased  use  of  biomarkers  of  exposure,  susceptibility, 
and  disease  outcome  in  molecular  epidemiological  research.  For 
example,  one  area  of  great  potential  in  advancing  current  knowl¬ 
edge  of  the  effects  of  diet  on  health  is  the  study  of  genetic  markers 
of  disease  susceptibility  (especially  polymorphisms  in  genes  that  en¬ 
code  metabolizing  enzymes)  in  relation  to  dietary  exposures.  This 
development  is  expected  to  provide  more  accurate  assessments  of 
the  risk  associated  with  different  levels  of  intake  of  both  nutrients 
and  nonnutritive  food  constituents. 

While  analytic  epidemiological  studies  (studies  that  relate  expo¬ 
sure  to  disease  outcomes  in  individuals)  have  provided  convincing 
evidence  of  an  associative  relationship  between  selected  non  dietary 
exposures  and  disease  risk,  there  are  a  number  of  other  factors  that 
limit  study  reliability  in  research  relating  nutrient  intakes  to  disease 
risks.  First,  the  variation  in  nutrient  intake  may  be  rather  limited  in 
populations  selected  for  study.  This  feature  alone  may  yield  modest 
relative  risk  trends  across  intake  categories  in  the  population,  even 
if  the  nutrient  is  an  important  factor  in  explaining  large  disease 
rate  variations  among  populations. 

Second,  the  human  diet  is  a  complex  mixture  of  foods  and  nutri¬ 
ents  including  many  substances  that  may  be  highly  correlated,  which 
gives  rise  to  particular  concerns  about  confounding.  Third,  many 
cohort  and  case-control  studies  have  relied  on  self-reports  of  diet, 
typically  food  records,  24-hour  recalls,  or  diet  history  questionnaires. 
Repeated  application  of  such  instruments  to  the  same  individuals 
show  considerable  variation  in  nutrient  consumption  estimates  from 
one  time  to  another  with  correlations  often  in  the  0.3  to  0.7  range 
(e.g.,  Willett  et  a!.,  1985).  In  addition,  there  may  be  systematic  bias 
in  nutrient  consumption  estimates  from  self-reports  because  the 
reporting  of  food  intakes  and  portion  sizes  may  depend  on  individ¬ 
ual  characteristics  such  as  body  mass,  ethnicity,  and  age.  For  exam¬ 
ple,  total  energy  consumption  may  tend  to  be  substantially  underre¬ 
ported  (30  to  50  percent)  among  obese  persons,  with  little  or  no 
underreporting  among  lean  persons  (Heitmann  and  Lissner,  1995). 
Such  systematic  bias,  in  conjunction  with  random  measurement  er¬ 
ror  and  limited  intake  range,  has  the  potential  to  greatly  impact 
analytic  epidemiological  studies  based  on  self-reported  dietary  hab¬ 
its.  Note  that  cohort  studies  using  objective  (biomarker)  measures 
of  nutrient  intake  may  have  an  important  advantage  concerning 
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the  avoidance  of  systematic  bias,  although  important  sources  of  bias 
(e.g.,  confounding)  may  remain. 

Randomized  Clinical  Trials 

By  allocating  subjects  to  the  (nutrient)  exposure  of  interest  at 
random,  clinical  trials  eliminate  the  confounding  that  may  be  intro¬ 
duced  in  observational  studies  by  self-selection.  The  unique  strength 
of  randomized  trials  is  that,  if  the  sample  is  large  enough,  the  study 
groups  will  be  comparable  with  respect  not  only  to  those  confound¬ 
ing  variables  known  to  the  investigators,  but  also  to  any  unknown 
factors  that  might  be  related  to  risk  of  the  disease.  Thus,  random¬ 
ized  trials  achieve  a  degree  of  control  of  confounding  that  is  simply 
not  possible  with  any  observational  design  strategy  and  thus  allow 
for  the  testing  of  small  effects  that  are  beyond  the  ability  of  observa¬ 
tional  studies  to  detect  reliably. 

Although  randomized  controlled  trials  represent  the  accepted 
standard  for  studies  of  nutrient  consumption  in  relation  to  human 
health,  they  too  possess  important  limitations.  Specifically,  persons 
agreeing  to  be  randomized  may  be  a  select  subset  of  the  population 
of  interest,  which  limits  the  generalization  of  trial  results.  For  prac¬ 
tical  reasons,  only  a  small  number  of  nutrients  or  nutrient  combina¬ 
tions  at  a  single  intake  level  are  generally  studied  in  a  randomized 
trial  (although  a  small  number  of  intervention  trials  to  compare 
specific  dietary  patterns  have  been  initiated  in  recent  years) .  In  ad¬ 
dition,  the  follow-up  period  will  typically  be  short  relative  to  the 
preceding  period  of  nutrient  consumption  that  may  be  relevant  to 
the  health  outcomes  under  study  particularly  if  chronic  disease  end¬ 
points  are  sought.  Also,  dietary  intervention  or  supplementation 
trials  tend  to  be  costly  and  logistically  difficult,  and  the  mainte¬ 
nance  of  intervention  adherence  can  be  a  particular  challenge. 

Because  of  the  many  complexities  in  conducting  studies  among 
free-living  human  populations  and  the  attendant  potential  for  bias 
and  confounding,  it  is  the  totality  of  the  evidence  from  both  obser¬ 
vational  and  intervention  studies,  appropriately  weighted,  that  must 
form  the  basis  for  conclusions  regarding  causal  relationships  be¬ 
tween  particular  exposures  and  disease  outcomes. 

Weighing  the  Evidence 

As  a  principle,  only  studies  published  in  peer-reviewed  journals 
have  been  used  in  this  report.  However,  studies  published  in  other 
scientific  journals  or  readily  available  reports  were  considered  if 
they  appeared  to  provide  important  information  not  documented 
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elsewhere.  To  the  extent  possible,  original  scientific  studies  have 
been  used  to  derive  the  DRIs.  Based  on  a  thorough  review  of  the 
scientific  literature,  clinical  and  functional  indicators  of  nutritional 
adequacy  and  excess  were  identified  for  each  nutrient. 

The  quality  of  the  studies  was  considered  in  weighing  the  evi¬ 
dence.  The  characteristics  examined  included  the  study  design  and 
the  representativeness  of  the  study  population;  the  validity,  reliabil¬ 
ity,  and  precision  of  the  methods  used  for  measuring  intake  and 
indicators  of  adequacy  or  excess;  the  control  of  biases  and  con¬ 
founding  factors;  and  the  power  of  the  study  to  demonstrate  a  given 
difference  or  correlation.  Publications  solely  expressing  opinions 
were  not  used  in  setting  DRIs.  The  assessment  acknowledged  the 
inherent  reliability  of  each  type  of  study  design  as  described  above 
and  applied  standard  criteria  concerning  the  strength,  dose-re¬ 
sponse,  and  temporal  pattern  of  estimated  nutrient-disease  or  ad¬ 
verse  effect  associations;  the  consistency  of  associations  among  stud¬ 
ies  of  various  types;  and  the  specificity  and  biological  plausibility  of 
the  suggested  relationships  (Hill,  1971).  For  example,  biological 
plausibility  would  not  be  sufficient  in  the  presence  of  a  weak  associ¬ 
ation  and  lack  of  evidence  that  exposure  preceded  the  effect. 

Data  were  examined  to  determine  whether  similar  estimates  of 
the  requirement  resulted  from  the  use  of  different  indicators  and 
different  types  of  studies.  For  a  single  nutrient,  the  criterion  for 
setting  the  Estimated  Average  Requirement  (EAR)  may  differ  from 
one  life  stage  group  to  another  because  the  critical  function  or  the 
risk  of  disease  may  be  different.  When  no  or  very  poor  data  were 
available  for  a  given  life  stage  group,  extrapolation  was  made  from 
the  EAR  or  Adequate  Intake  (AI)  set  for  another  group,  by  making 
explicit  and  logical  assumptions  about  relative  requirements.  Be¬ 
cause  EARs  can  be  used  for  multiple  purposes,  they  were  estab¬ 
lished  whenever  sufficient  supporting  data  were  available. 


Data  Limitations 

Although  the  reference  values  are  based  on  data,  the  data  were 
often  scanty  or  drawn  from  studies  that  had  limitations  in  address¬ 
ing  the  various  questions  that  confronted  the  panel.  Therefore, 
many  of  the  questions  raised  about  the  requirements  for  and  rec¬ 
ommended  intakes  of  these  nutrients  cannot  be  answered  fully  be¬ 
cause  of  inadequacies  in  the  present  database.  Apart  from  studies  of 
overt  deficiency  diseases,  there  is  a  dearth  of  studies  that  address 
specific  effects  of  inadequate  intakes  on  specific  indicators  of  health 
status,  and  thus  a  research  agenda  is  proposed  (see  Chapter  10). 
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Thus,  after  careful  review  and  analysis  of  the  evidence,  including 
examination  of  the  extent  of  congruent  findings,  scientific  judg¬ 
ment  was  used  to  determine  the  basis  for  establishing  the  values. 
The  reasoning  used  is  described  for  each  nutrient  in  Chapters  5 
through  8. 

Pathways  to  Nutrient  Requirements 

The  possible  pathways  that  were  considered  in  determining  the 
requirement  for  each  nutrient  include  the  following: 

1.  The  availability  of  a  convincing  totality  of  evidence,  including 
randomized  clinical  trial  data,  that  the  nutrient  reviewed  reduces 
the  risk  of  important  health  outcomes — demonstration  that  a  bio¬ 
marker  of  exposure  influences  a  specific  health  outcome  consti¬ 
tutes  a  key  component  of  this  body  of  evidence. 

2.  The  availability  of  a  convincing  totality  of  evidence,  including 
randomized  clinical  trial  data,  that  the  nutrient  reviewed  favorably 
affects  a  selected  functional  marker — this  pathway  was  used  with 
caution  in  view  of  the  many  examples  where  intervention  effects  on 
an  intermediate  outcome  (biomarker)  proved  to  be  inconsistent 
with  intervention  effects  on  the  chronic  disease  of  interest. 

3.  The  presence  of  a  clinically  important  deficiency  disease  or 
nutritional  syndrome  that  has  been  demonstrated  to  relate  specifi¬ 
cally  to  an  inadequate  intake  of  the  nutrient  reviewed — this  pathway 
is  facilitated  by  considering  intakes  needed  to  ensure  adequate  body 
stores  or  reserves  of  the  nutrient  or  of  pertinent  compounds  that  the 
body  produces  in  response  to  adequate  intake  of  the  nutrient. 

Method  to  Determine  the  Adequate  Intake  for  Infants 

The  AI  for  young  infants  is  generally  taken  to  be  the  average 
intake  by  full-term  infants  who  are  born  to  apparently  healthy,  well- 
nourished  mothers  and  are  exclusively  fed  human  milk.  The  extent 
to  which  the  intake  of  a  nutrient  from  human  milk  may  exceed  the 
actual  requirements  of  infants  is  not  known,  and  the  ethics  of  ex¬ 
perimentation  preclude  testing  the  levels  known  to  be  potentially 
inadequate.  Using  the  infant  exclusively  fed  human  milk  as  a  model 
is  in  keeping  with  the  basis  for  earlier  recommendations  for  intake 
(e.g.,  Health  Canada,  1990;  IOM,  1991).  It  also  supports  the  recom¬ 
mendation  that  exclusive  intake  of  human  milk  is  the  preferred 
method  of  feeding  for  normal  full-term  infants  for  the  first  4  to  6 
months  of  life.  This  recommendation  has  been  made  by  the  Cana- 
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dian  Paediatric  Society  (Health  Canada,  1990),  the  American  Acad¬ 
emy  of  Pediatrics  (AAP,  1997),  the  Institute  of  Medicine  (IOM, 
1991),  and  many  other  expert  groups,  even  though  most  U.S.  ba¬ 
bies  no  longer  receive  human  milk  by  age  6  months. 

In  general,  this  report  does  not  cover  possible  variations  in  physi¬ 
ological  need  during  the  first  month  after  birth  or  the  variations  in 
intake  of  nutrients  from  human  milk  that  result  from  differences  in 
milk  volume  and  nutrient  concentration  during  early  lactation. 

In  keeping  with  the  decision  made  by  the  Standing  Committee  on 
the  Scientific  Evaluation  of  Dietary  Reference  Intakes,  specific  DRIs 
to  meet  the  needs  of  formula-fed  infants  have  not  been  proposed  in 
this  report.  The  use  of  formula  introduces  a  large  number  of  com¬ 
plex  issues,  one  of  which  is  the  bioavailability  of  different  forms  of 
the  nutrient  in  different  formula  types. 

Ages  0  through  6  Months 

To  derive  the  AI  value  for  infants  ages  0  through  6  months,  the 
mean  intake  of  a  nutrient  was  calculated  based  on  (1)  the  average 
concentration  of  the  nutrient  from  2  to  6  months  of  lactation  using 
consensus  values  from  several  reported  studies,  if  possible,  and  (2) 
an  average  volume  of  milk  intake  of  0.78  L/day.  This  volume  was 
reported  from  studies  that  used  test  weighing  of  full-term  infants. 
In  this  procedure,  the  infant  is  weighed  before  and  after  each  feed¬ 
ing  (Allen  et  al.,  1991;  Butte  et  al.,  1984;  Chandra,  1984;  Hofvander 
et  ah,  1982;  Neville  et  ah,  1988).  Because  there  is  variation  in  both 
the  composition  of  milk  and  the  volume  consumed,  the  computed 
value  represents  the  mean.  It  is  expected  that  infants  will  consume 
increased  volumes  of  human  milk  during  growth  spurts. 

Ages  7  through  12  Months 

During  the  period  of  infant  growth  and  gradual  weaning  to  a 
mixed  diet  of  human  milk  and  solid  foods  from  ages  7  through  12 
months,  there  is  no  evidence  for  markedly  different  nutrient  needs 
for  this  group  of  nutrients.  The  basis  of  the  AI  values  derived  for 
this  age  category  was  the  sum  of  (1)  the  content  of  the  nutrient 
provided  by  0.60  L/day  of  human  milk,  which  is  the  average  volume 
of  milk  reported  from  studies  of  infants  who  receive  only  human 
milk  in  this  age  category  (Heinig  et  al.,  1993),  and  (2)  that  pro¬ 
vided  by  the  usual  intakes  of  complementary  weaning  foods  con¬ 
sumed  by  infants  in  this  age  category.  Such  an  approach  is  in  keep¬ 
ing  with  current  recommendations  of  the  Canadian  Paediatric 
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Society  (Health  Canada,  1990),  the  American  Academy  of  Pediat¬ 
rics  (AAP,  1997),  and  the  Institute  of  Medicine  (IOM,  1991)  for 
continued  feeding  of  infants  with  human  milk  through  9  to  12 
months  of  age,  with  appropriate  introduction  of  solid  foods.  Seleni¬ 
um  and  vitamin  C  had  published  information  about  the  intake  from 
solid  foods  for  infants  aged  7  through  12  months,  and  thus  followed 
this  method. 

For  vitamin  E,  which  did  not  have  intake  data  from  solid  foods, 
the  AI  was  calculated  by  extrapolating  upward  from  the  AI  for  in¬ 
fants  ages  0  through  6  months,  adjusting  for  metabolic  body  size 
and  growth,  and  adding  a  factor  for  variability.  The  method  is  de¬ 
scribed  below. 

Method  for  Extrapolating  Data  from  Adults  to  Children 
Setting  the  EAR  or  AI 

For  vitamin  C,  vitamin  E,  and  selenium,  data  were  not  available  to 
set  the  EAR  and  RDA  for  children  ages  1  year  and  older  and  adoles¬ 
cents.  Because  vitamin  C  is  a  water-soluble  vitamin  and  boys  have  a 
larger  lean  body  mass  and  total  body  water  than  girls,  the  adult  EAR 
was  adjusted  for  children  and  adolescents  on  the  basis  of  differenc¬ 
es  in  reference  weights  from  Table  1-1.  For  vitamin  E  and  selenium, 
the  EAR  has  been  extrapolated  downward  using  an  adjustment  for 
metabolic  body  size  and  growth.  The  method  relies  on  at  least  four 
assumptions: 

1.  Maintenance  needs  for  vitamin  E  and  selenium  expressed 
with  respect  to  body  weight  ([kilogram  of  body  weight]0*1 2 3 4 5)  are  the 
same  for  adults  and  children.  Scaling  requirements  to  the  0.75  pow¬ 
er  of  body  mass  adjusts  for  metabolic  differences  demonstrated  to 
be  related  to  body  weight,  as  described  by  Kleiber  (1947)  and  ex¬ 
plored  further  by  West  et  al.  (1997).  By  this  scaling,  a  child  weigh¬ 
ing  22  kg  would  require  42  percent  of  what  an  adult  weighing  70  kg 
would  require — a  higher  percentage  than  if  the  requirement  were 
based  on  body  weight  to  a  power  of  one. 

2.  The  EAR  for  vitamin  E  and  selenium  for  adults  is  an  estimate 
of  maintenance  needs. 

3.  The  percentage  of  extra  vitamin  E  and  selenium  needed  for 
growth  is  comparable  with  the  percentage  of  extra  protein  needed 
for  growth. 

4.  On  average,  total  needs  do  not  differ  substantially  for  males 

compared  to  females  until  age  14,  when  reference  weights  differ. 
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The  formula  for  the  extrapolation  is 

EARchild  =  EARadult  (F), 

where  F  =  (Weightchild/Weightadult)0-75  (1  +  growth  factor).  Refer¬ 
ence  weights  from  Table  1-1  are  used.  If  the  EAR  differs  for  men 
and  women,  the  reference  weight  used  for  adults  in  the  equation 
differs  by  gender;  otherwise,  the  average  for  men  and  women  is 
used  unless  the  value  for  women  is  derived  from  data  on  men.  The 
approximate  proportional  increase  in  protein  requirements  for 
growth  (FAO/WHO/UNA,  1985)  is  used  as  an  estimate  of  the 
growth  factor  as  shown  in  Table  3-1.  If  only  an  AI  has  been  set  for 
adults,  it  is  substituted  for  the  EAR  in  the  above  formula,  and  an  AI 
is  calculated;  no  RDA  is  set. 

Setting  the  EDA  for  Children 

To  account  for  variability  in  requirements  because  of  growth  rates 
and  other  factors,  a  10  percent  coefficient  of  variation  (CV)  for  the 
requirement  is  assumed  unless  data  are  available  to  support  anoth¬ 
er  value,  as  described  in  Chapter  1. 

Method  for  Extrapolating  Data  from  Young  to  Older  Infants 

This  adjustment,  the  metabolic  weight  ratio  method,  involves  met¬ 
abolic  scaling  but  does  not  adjust  for  growth  because  it  is  based  on  a 
value  for  a  growing  infant.  To  extrapolate  from  the  AI  for  infants 
ages  0  through  6  months  to  an  AI  for  infants  ages  7  through  12 
months,  the  following  formula  is  used: 

Al7_i2  mo  =  AI0-0  mo  (^)  ’ 

where  F  =  (Weight,_]2  mo/Weight0_6  mo)0'75. 


TABLE  3-1  Estimated  Growth  Factor  by  Age  Group 


Age  Group 

Growth  Factor 

7  mo-3  y 

0.30 

4-8  y 

0.15 

9-18  y 

0.15 

14-18  y 

Males 

0.15 

Females 

0.0 

SOURCE:  Proportional  increase  in  protein  requirements  for  growth  from  FAO/WHO/ 
UNA  (1985)  used  to  estimate  the  growth  factor. 
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Methods  for  Determining  Increased  Needs  for  Pregnancy 

It  is  known  that  the  placenta  actively  transports  vitamin  C,  vitamin 
E,  and  selenium  from  the  mother  to  the  fetus  (Hytten  and  Leitch, 
1971).  However,  for  these  three  nutrients,  experimental  data  that 
could  be  used  to  set  an  EAR  and  RDA  for  pregnancy  are  lacking.  In 
these  cases  the  potential  of  increased  need  for  these  nutrients  dur¬ 
ing  pregnancy  is  based  on  theoretical  considerations,  including 
obligatory  fetal  transfer,  if  data  are  available,  and  increased  mater¬ 
nal  needs  related  to  increases  in  energy  or  protein  metabolism,  as 
applicable. 

Methods  to  Determine  Increased  Needs  for  Lactation 

For  vitamin  C,  vitamin  E,  and  selenium,  it  is  assumed  that  the 
total  requirement  of  lactating  women  equals  the  requirement  for 
the  nonpregnant,  nonlactating  woman  of  similar  age  plus  an  incre¬ 
ment  to  cover  the  amount  of  the  nutrient  needed  for  milk  produc¬ 
tion.  To  allow  for  inefficiencies  in  use  of  these  nutrients,  the  incre¬ 
ment  may  be  somewhat  greater  than  the  amount  of  the  nutrient 
contained  in  the  milk  produced.  Details  are  provided  in  each  nutri¬ 
ent  chapter. 

ESTIMATES  OF  LABORATORY  VALUES 

Substantial  changes  in  analytical  methods  have  occurred  during 
the  more  than  40  years  of  studies  considered  in  this  report.  Al¬ 
though  the  requirement  for  vitamin  C  is  based  on  recent  data,  the 
studies  that  were  utilized  to  determine  the  vitamin  E  requirement 
are  40  years  old.  Methodological  problems  have  been  documented 
for  vitamin  E  intake  assessment  from  food  (see  Chapter  6) . 

NUTRIENT  INTAKE  ESTIMATES 

Reliable  and  valid  methods  of  food  composition  analysis  are  cru¬ 
cial  in  determining  the  intake  of  a  nutrient  needed  to  meet  a  re¬ 
quirement.  For  vitamin  E  and  selenium,  analytic  methods  to  deter¬ 
mine  the  content  of  the  nutrient  in  food  have  serious  limitations, 
the  specifics  of  which  are  discussed  in  Chapters  5  through  8. 

Methodological  Considerations 

The  quality  of  nutrient  intake  data  varies  widely  across  studies. 
The  most  valid  intake  data  are  those  collected  from  metabolic  study 
protocols  in  which  all  food  is  provided  by  the  researchers,  amounts 
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consumed  are  measured  accurately,  and  the  nutrient  composition 
of  the  food  is  determined  by  reliable  and  valid  laboratory  analyses. 
Such  protocols  are  usually  possible  with  only  a  small  number  of 
subjects.  Thus,  in  many  studies,  intake  data  are  self-reported  (e.g., 
through  24-hour  recalls  of  food  intake,  diet  records,  or  food  fre¬ 
quency  questionnaires) . 

Potential  sources  of  error  in  self-reported  intake  data  include  over- 
or  underreporting  of  portion  sizes  and  frequency  of  intake,  omis¬ 
sion  of  foods,  and  inaccuracies  related  to  the  use  of  food  composi¬ 
tion  tables  (Lichtman  et  al.,  1992;  Mertz  et  al.,  1991).  In  addition, 
errors  can  occur  due  to  a  lack  of  information  on  how  a  food  was 
manufactured,  prepared,  and  served,  because  a  high  percentage  of 
the  food  consumed  in  the  United  States  and  Canada  is  not  pre¬ 
pared  from  scratch  in  the  home.  Therefore,  the  values  reported  by 
nationwide  surveys  or  studies  that  rely  on  self-reporting  may  be 
somewhat  inaccurate  and  possibly  biased. 

Four  sources  of  measurement  error  are  particularly  important 
with  regard  to  vitamin  E  intake:  (1)  energy  intake  is  underreported 
in  national  surveys  (Mertz  et  al.,  1991),  and  fat  intake  (which  serves 
as  a  major  carrier  for  vitamin  E)  is  likely  to  be  more  underreported 
than  energy  intake  in  the  Third  National  Health  and  Nutrition  Ex¬ 
amination  Survey  (NHANES  III)  (Briefel  et  al.,  1997);  (2)  the 
amount  of  fats  and  oils  added  during  food  preparation  (and  ab¬ 
sorbed  into  the  cooked  product)  is  difficult  to  assess  using  diet 
recall  methodologies,  yet  it  contributes  substantially  to  vitamin  E 
intake;  (3)  uncertainties  about  the  particular  fats  or  oils  consumed, 
particularly  when  food  labels  do  not  indicate  the  specific  fat  or  oil 
in  the  product  (e.g.  “this  product  may  contain  partially  hydrogenat¬ 
ed  soybean  and/or  cottonseed  oil  or  vegetable  oil”)  necessitate  a 
reliance  on  default  selections  (and  thus  assumptions  about  the  rela¬ 
tive  content  of  a-  and  y-tocopherols;  and  (4)  due  to  the  small  num¬ 
ber  of  samples,  the  vitamin  E  content  of  food  sources  in  the  Con¬ 
tinuing  Survey  of  Food  Intakes  by  Individuals  (CSFII)  and  NHANES 
III  databases  is  quite  variable  (J.  Holden,  Agricultural  Research  Ser¬ 
vice,  USDA,  personal  communication,  April  13,  1999). 

Food  composition  databases  that  are  used  to  calculate  nutrient 
intake  from  self-reported  and  observed  intake  data  introduce  errors 
due  to  random  variability,  genetic  variation  in  the  nutrient  content, 
analytical  errors,  and  missing  or  imputed  data.  In  general,  when 
nutrient  intakes  for  groups  are  estimated,  the  effect  of  errors  in  the 
composition  data  is  probably  considerably  smaller  than  the  effect  of 
errors  in  the  self-reported  intake  data  (NRC,  1986).  It  is  not  known 
to  what  extent  this  is  true  for  vitamin  C,  vitamin  E,  selenium,  or  (3- 
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carotene  and  other  carotenoids.  However,  adult  men  and  women 
participating  in  NHANES  III  underreported  energy  intake  by  about 
23  percent,  as  well  as  fat  intake  (which  serves  as  a  carrier  for  vitamin 
E)  when  expressed  as  a  percentage  of  total  energy  intake  (Briefel  et 
al.,  1997). 


Adjusting  for  Day-to-Day  Variation 

Because  of  day-to-day  variation  in  dietary  intakes,  the  distribution 
of  1-day  (or  2-day)  intakes  for  a  group  is  wider  than  the  distribution 
of  usual  intakes  even  though  the  mean  intake  may  be  the  same  (for 
further  elaboration,  see  Chapter  9) .  To  reduce  this  problem,  statis¬ 
tical  adjustments  have  been  developed  (NRC,  1986;  Nusser  et  al., 
1996)  that  require  at  least  2  days  of  dietary  data  from  a  representa¬ 
tive  subsample  of  the  population  of  interest.  However,  no  accepted 
method  is  available  to  adjust  for  the  underreporting  of  intake,  which 
may  average  as  much  as  20  percent  for  energy  (Mertz  et  al.,  1991). 

DIETARY  INTAKES  IN  THE  UNITED  STATES  AND  CANADA 
Sources  of  Dietary  Intake  Data 

The  major  sources  of  current  dietary  intake  data  for  the  U.S.  pop¬ 
ulation  are  the  Third  National  Health  and  Nutrition  Examination 
Survey  (NHANES  III),  which  was  conducted  from  1988  to  1994  by 
the  U.S.  Department  of  Health  and  Human  Services,  and  the  Con¬ 
tinuing  Survey  of  Food  Intakes  by  Individuals  (CSFII),  which  was 
conducted  from  1994  to  1996  by  the  U.S.  Department  of  Agricul¬ 
ture  (USDA).  NHANES  III  examined  30,000  subjects  aged  2  months 
and  older.  A  single  24-hour  diet  recall  was  collected  for  all  subjects. 
A  second  recall  was  collected  for  a  5  percent  nonrandom  subsam¬ 
ple  to  allow  adjustment  of  intake  estimates  for  day-to-day  variation. 
The  1994  to  1996  CSFII  collected  two  nonconsecutive  24-hour  re¬ 
calls  from  approximately  16,000  subjects  of  all  ages.  Both  surveys 
used  the  food  composition  database  developed  by  USDA  to  calcu¬ 
late  nutrient  intakes  (Perloff  et  al.,  1990).  National  survey  data  for 
Canada  are  not  currently  available,  but  data  for  vitamin  C  have 
been  collected  in  Quebec  and  Nova  Scotia.  The  extent  to  which 
these  data  are  applicable  nationwide  is  not  known. 

Appendix  D  gives  the  mean  and  the  first  through  ninety-ninth 
percentiles  of  dietary  intakes  of  vitamin  C  and  vitamin  E  by  age 
from  the  CSFII,  adjusted  for  day-to-day  variation  by  the  method  of 
Nusser  et  al.  (1996).  Appendix  C  provides  comparable  information 
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for  vitamin  C,  vitamin  E,  and  selenium  from  NHANES  III,  adjusted 
by  methods  described  by  the  National  Research  Council  (NRC, 
1986)  and  by  Feinleib  et  al.  (1993)  for  persons  aged  6  years  and 
older.  Appendix  E  provides  means  and  selected  percentiles  of  di¬ 
etary  intakes  of  vitamin  C  for  individuals  in  Quebec  and  Nova  Scotia. 

Sources  of  Supplement  Intake  Data 

Although  subjects  in  the  CSFII  are  asked  about  the  use  of  dietary 
supplements,  quantitative  information  is  not  collected.  Data  on  sup¬ 
plement  intake  obtained  from  NHANES  III  were  reported  as  a  part 
of  total  nutrient  intake  (Appendix  C).  NHANES  III  data  on  overall 
prevalence  of  supplement  use  are  also  available  (LSRO/FASEB, 
1995) .  In  1986,  the  National  Health  Interview  Survey  queried  1 1,558 
adults  and  1,877  children  on  their  intake  of  supplements  during 
the  previous  2  weeks  (Moss  et  al.,  1989).  The  composition  of  the 
supplement  was  obtained  directly  from  the  product  label  whenever 
possible.  Table  3-2  shows  the  percentage  of  adults,  by  age,  taking 
supplements  of  vitamin  C,  vitamin  E,  or  selenium. 

Food  Sources  of  Vitamin  C,  Vitamin  E,  Selenium ,  and  Carotenoids 

For  some  nutrients  in  this  report,  two  types  of  information  are 
provided  about  food  sources  of  nutrients:  identification  of  the  foods 
that  are  the  major  contributors  of  the  nutrient  to  diets  in  the  Unit¬ 
ed  States  and  food  sources  of  the  nutrient.  The  determination  of 
foods  that  are  major  contributors  depends  on  both  the  nutrient 


TABLE  3-2  Percentage  of  Persons  Taking  Vitamin 
Supplements  by  Sex,  Age,  and  Type  of  Vitamin  Used:  National 
Health  Interview  Survey,  United  States,  1986 


Supplement 

Taken 

Females 

Males 

All 

Adults 
18+  y 

18-44 y  45-64  y 

65+  y 

All 

Adults 
18+  y 

18-44  y 

45-64  y 

65+  y 

Vitamin  C 

33.6 

32.7  35.7 

33.3 

27.8 

27.7 

28.4 

27.2 

Vitamin  E 

28.9 

28.5  30.3 

27.9 

23.1 

22.4 

24.4 

23.9 

Selenium 

10.3 

10.5  10.2 

10.2 

8.1 

8.3 

7.1 

8.7 

NOTE:  The  high  use  of  supplements  by  pregnant  women  is  not  reflected  in  this  table. 
SOURCE:  Moss  et  al.  (1989). 
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content  of  a  food  and  the  total  consumption  of  that  food  (amount 
and  frequency).  Therefore,  a  food  that  has  a  relatively  low  concen¬ 
tration  of  the  nutrient  might  still  be  a  large  contributor  to  total 
intake  if  it  is  consumed  in  relatively  large  amounts.  In  contrast,  the 
food  sources  listed  are  those  with  the  highest  concentration  of  the 
nutrient;  no  consideration  is  given  to  the  amount  consumed. 

SUMMARY 

General  methods  for  examining  and  interpreting  the  evidence  on 
requirements  for  vitamin  C,  vitamin  E,  and  selenium,  with  special 
attention  given  to  infants,  children,  and  pregnant  and  lactating 
women;  methodological  problems;  and  dietary  intake  data  are  pre¬ 
sented  in  this  chapter.  Relevant  detail  is  provided  in  the  nutrient 
chapters. 
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4 

A  Model  for  the  Development 
of  Tolerable  Upper  Intake 
Levels  for  Nutrients 


BACKGROUND 

The  Tolerable  Upper  Intake  Level  (UL)  is  the  highest  level  of  daily 
nutrient  intake  that  is  likely  to  pose  no  risk  of  adverse  health  effects 
to  almost  all  individuals  in  the  general  population.  As  intake  in¬ 
creases  above  the  UL,  the  risk  of  adverse  effects  increases.  The  term 
tolerable  is  chosen  because  it  connotes  a  level  of  intake  that  can,  with 
high  probability,  be  tolerated  biologically  by  individuals;  it  does  not 
imply  acceptability  of  this  level  in  any  other  sense.  The  setting  of  a 
UL  does  not  indicate  that  nutrient  intakes  greater  than  the  Recom¬ 
mended  Dietary  Allowance  (RDA)  or  Adequate  Intake  (AI)  are  rec¬ 
ommended  as  being  beneficial  to  an  individual.  Many  individuals 
are  self-medicating  with  nutrients  for  perceived  prophylactic  or  cur¬ 
ative  purposes.  It  is  beyond  the  scope  of  the  model  at  this  time  to 
address  whether  there  are  benefits  of  higher  nutrient  intakes  that 
may  offset  the  risk  of  adverse  effects.  The  UL  is  not  meant  to  apply 
to  individuals  who  are  being  treated  with  the  nutrient  or  food  com¬ 
ponent  under  medical  supervision  or  to  individuals  with  predispos¬ 
ing  conditions  that  modify  their  sensitivity  to  the  nutrient  or  food 
component.  This  chapter  describes  a  model  for  developing  ULs. 

The  term  adverse  effect  is  defined  as  any  significant  alteration  in 
the  structure  or  function  of  the  human  organism  (Klaassen  et  al., 
1986)  or  any  impairment  of  a  physiologically  important  function 
that  could  lead  to  a  health  effect  that  is  adverse.  This  is  in  accor¬ 
dance  with  the  definition  set  by  the  joint  World  Health  Organiza¬ 
tion,  Food  and  Agriculture  Organization  of  the  United  Nations, 
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and  International  Atomic  Energy  Agency  Expert  Consultation  in 
Trace  Elements  in  Human  Nutrition  and  Health  (WHO,  1996).  In  the 
case  of  nutrients,  it  is  exceedingly  important  to  consider  the  possi¬ 
bility  that  the  excessive  intake  of  one  nutrient  may  alter  in  detri¬ 
mental  ways  the  health  benefits  conferred  by  another.  Any  such 
alteration  (referred  to  as  an  adverse  nutrient-nutrient  interaction) 
is  considered  an  adverse  health  effect.  When  evidence  for  such  ad¬ 
verse  interactions  is  available,  it  is  considered  in  establishing  a  nu¬ 
trient’s  UL. 

ULs  are  useful  because  of  the  increased  interest  in  and  availability 
of  fortified  foods,  the  increased  use  of  dietary  supplements,  and  the 
growing  recognition  of  the  health  consequences  of  excesses,  as  well 
as  inadequacies  of  nutrient  intakes.  ULs  are  based  on  total  intake  of 
a  nutrient  from  food,  water,  and  supplements  if  adverse  effects  have 
been  associated  with  total  intake.  However,  if  adverse  effects  have 
been  associated  with  intake  from  supplements  or  food  fortificants 
only,  the  UL  is  based  on  nutrient  intake  from  these  sources  only, 
not  on  total  intake.  The  UL  applies  to  chronic  daily  use. 

For  many  nutrients,  there  are  insufficient  data  on  which  to  devel¬ 
op  a  UL.  This  does  not  mean  that  there  is  no  potential  for  adverse 
effects  resulting  from  high  intake.  When  data  about  adverse  effects 
are  extremely  limited,  extra  caution  may  be  warranted. 

Like  all  chemical  agents,  nutrients  can  produce  adverse  health 
effects  if  intakes  from  any  combination  of  food,  water,  nutrient  sup¬ 
plements,  and  pharmacological  agents  are  excessive.  Some  lower 
level  of  nutrient  intake  will  ordinarily  pose  no  likelihood  (or  risk) 
of  adverse  health  effects  in  normal  individuals  even  if  the  level  is 
above  that  associated  with  any  benefit.  It  is  not  possible  to  identify  a 
single  risk-free  intake  level  for  a  nutrient  that  can  be  applied  with 
certainty  to  all  members  of  a  population.  However,  it  is  possible  to 
develop  intake  levels  that  are  unlikely  to  pose  risk  of  adverse  health 
effects  for  most  members  of  the  general  population,  including  sen¬ 
sitive  individuals.  For  some  nutrients  or  food  components,  these 
intake  levels  may  however  pose  a  risk  for  subpopulations  with  ex¬ 
treme  or  distinct  vulnerabilities. 

Whether  routine,  long-term  intake  above  the  UL  is  safe  is  not  well 
documented.  Although  members  of  the  general  population  should 
not  routinely  exceed  the  UL,  intake  above  the  UL  may  be  appropri¬ 
ate  for  investigation  within  well-controlled  clinical  trials.  Clinical 
trials  of  doses  above  the  UL  should  not  be  discouraged,  as  long  as 
subjects  participating  in  these  trials  have  signed  informed  consent 
documents  regarding  possible  toxicity  and  as  long  as  these  trials 
employ  appropriate  safety  monitoring  of  trial  subjects. 
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MODEL  FOR  DERIVATION  OF  TOLERABLE 
UPPER  INTAKE  LEVELS 

The  possibility  that  the  methodology  used  to  derive  Tolerable 
Upper  Intake  Levels  (ULs)  might  be  reduced  to  a  mathematical 
model  that  could  be  generically  applied  to  all  nutrients  was  consid¬ 
ered.  Such  a  model  might  have  several  potential  advantages,  includ¬ 
ing  ease  of  application  and  assurance  of  consistent  treatment  of  all 
nutrients.  It  was  concluded,  however,  that  the  current  state  of  scien¬ 
tific  understanding  of  toxic  phenomena  in  general,  and  nutrient 
toxicity  in  particular,  is  insufficient  to  support  the  development  of 
such  a  model.  Scientific  information  regarding  various  adverse  ef¬ 
fects  and  their  relationships  to  intake  levels  varies  greatly  among 
nutrients  and  depends  on  the  nature,  comprehensiveness,  and  qual¬ 
ity  of  available  data.  The  uncertainties  associated  with  the  unavoid¬ 
able  problem  of  extrapolating  from  the  circumstances  under  which 
data  are  developed  (e.g.,  the  laboratory  or  clinic)  to  other  circum¬ 
stances  (e.g.,  the  apparently  healthy  population)  adds  to  this  com¬ 
plexity. 

Given  the  current  state  of  knowledge,  any  attempt  to  capture  in  a 
mathematical  model  all  the  information  and  scientific  judgments 
that  must  be  made  to  reach  conclusions  regarding  ULs  would  not 
be  consistent  with  contemporary  risk  assessment  practices.  Instead, 
the  model  for  the  derivation  of  ULs  consists  of  a  set  of  scientific 
factors  that  always  should  be  considered  explicitly.  The  framework 
under  which  these  factors  are  organized  is  called  risk  assessment.  Risk 
assessment  (NRC,  1983,  1994)  is  a  systematic  means  of  evaluating 
the  probability  of  occurrence  of  adverse  health  effects  in  humans 
from  excess  exposure  to  an  environmental  agent  (in  this  case,  a 
nutrient  or  food  component)  (FAO/WHO,  1995;  Health  Canada, 
1993).  The  hallmark  of  risk  assessment  is  the  requirement  to  be 
explicit  in  all  the  evaluations  and  judgments  that  must  be  made  to 
document  conclusions. 

RISK  ASSESSMENT  AND  FOOD  SAFETY 
Basic  Concepts 

Risk  assessment  is  a  scientific  undertaking  having  as  its  objective  a 
characterization  of  the  nature  and  likelihood  of  harm  resulting  from 
human  exposure  to  agents  in  the  environment.  The  characteriza¬ 
tion  of  risk  typically  contains  both  qualitative  and  quantitative  infor¬ 
mation  and  includes  a  discussion  of  the  scientific  uncertainties  in 
this  information.  In  the  present  context,  the  agents  of  interest  are 
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nutrients,  and  the  environmental  media  are  food,  water,  and  non¬ 
food  sources  such  as  nutrient  supplements  and  pharmacological 
preparations. 

Performing  a  risk  assessment  results  in  a  characterization  of  the 
relationships  between  exposure  to  an  agent  and  the  likelihood  that 
adverse  health  effects  will  occur  in  members  of  exposed  populations. 
Scientific  uncertainties  are  an  inherent  part  of  the  risk  assessment 
process  and  are  discussed  below.  Deciding  whether  the  magnitude 
of  exposure  is  acceptable  or  tolerable  in  specific  circumstances  is  not  a 
component  of  risk  assessment;  this  activity  falls  within  the  domain  of 
risk  management.  Risk  management  decisions  depend  on  the  results 
of  risk  assessments  but  may  also  involve  the  public  health  signifi¬ 
cance  of  the  risk,  the  technical  feasibility  of  achieving  various  de¬ 
grees  of  risk  control,  and  the  economic  and  social  costs  of  this  con¬ 
trol.  Because  there  is  no  single,  scientifically  definable  distinction 
between  safe  and  unsafe  exposures,  risk  management  necessarily 
incorporates  components  of  sound,  practical  decision  making  that 
are  not  addressed  by  the  risk  assessment  process  (NRC,  1983, 1994). 

A  risk  assessment  requires  that  information  be  organized  in  rath¬ 
er  specific  ways  but  does  not  require  any  specific  scientific  evalua¬ 
tion  methods.  Rather,  risk  assessors  must  evaluate  scientific  infor¬ 
mation  using  what  they  judge  to  be  appropriate  methods  and  must 
make  explicit  the  basis  for  their  judgments,  the  uncertainties  in  risk 
estimates,  and  when  appropriate,  alternative  scientifically  plausible 
interpretations  of  the  available  data  (NRC,  1994;  OTA,  1993). 

Risk  assessment  is  subject  to  two  types  of  scientific  uncertainties: 
those  related  to  data  and  those  associated  with  inferences  that  are 
required  when  directly  applicable  data  are  not  available  (NRC, 
1994).  Data  uncertainties  arise  during  the  evaluation  of  informa¬ 
tion  obtained  from  the  epidemiological  and  toxicological  studies  of 
nutrient  intake  levels  that  are  the  basis  for  risk  assessments.  Exam¬ 
ples  of  inferences  include  the  use  of  data  from  experimental  ani¬ 
mals  to  estimate  responses  in  humans  and  the  selection  of  uncer¬ 
tainty  factors  to  estimate  inter-  and  intraspecies  variabilities  in 
response  to  toxic  substances.  Uncertainties  arise  whenever  estimates 
of  adverse  health  effects  in  humans  are  based  on  extrapolations  of 
data  obtained  under  dissimilar  conditions  (e.g.,  from  experimental 
animal  studies).  Options  for  dealing  with  uncertainties  are  discussed 
below  and  in  detail  in  Appendix  G. 

Steps  in  the  Risk  Assessment  Process 

The  organization  of  risk  assessment  is  based  on  a  model  proposed 
by  the  National  Research  Council  (1983,  1994)  that  is  widely  used 
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in  public  health  and  regulatory  decision  making.  The  steps  of  risk 
assessment  as  applied  to  nutrients  are  as  follows  (see  also  Figure  4-1): 

•  Step  1.  Hazard  identification  involves  the  collection,  organi¬ 
zation,  and  evaluation  of  all  information  pertaining  to  the  adverse 
effects  of  a  given  nutrient.  It  concludes  with  a  summary  of  the  evi¬ 
dence  concerning  the  capacity  of  the  nutrient  to  cause  one  or  more 
types  of  toxicity  in  humans. 

•  Step  2.  Dose-response  assessment  determines  the  relationship 
between  nutrient  intake  (dose)  and  adverse  effect  (in  terms  of  inci¬ 
dence  and  severity).  This  step  concludes  with  an  estimate  of  the 
Tolerable  Upper  Intake  Level  (UL) — it  identifies  the  highest  level 


FIGURE  4-1  Risk  assessment  model  for  nutrient  toxicity. 
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of  daily  nutrient  intake  that  is  likely  to  pose  no  risk  of  adverse  health 
effects  to  almost  all  individuals  in  the  general  population.  Different 
ULs  may  be  developed  for  various  life  stage  groups. 

•  Step  3.  Intake  assessment  evaluates  the  distribution  of  usual 
total  daily  nutrient  intakes  among  members  of  the  general  popula¬ 
tion.  In  cases  where  the  UL  pertains  only  to  supplement  use,  and 
does  not  pertain  to  usual  food  intakes  of  the  nutrient,  the  assess¬ 
ment  is  directed  at  supplement  intakes  only.  It  does  not  depend  on 
step  1  or  2. 

•  Step  4.  Risk  characterization  summarizes  the  conclusions 
from  steps  1  and  2  with  step  3  to  determine  the  risk.  The  risk  is 
generally  expressed  as  the  fraction  of  the  exposed  population,  if 
any,  having  nutrient  intakes  (step  3)  in  excess  of  the  estimated  UL 
(steps  1  and  2).  If  possible,  scientific  characterization  also  covers 
the  magnitude  of  any  such  excesses.  Scientific  uncertainties  associ¬ 
ated  with  both  the  UL  and  the  intake  estimates  are  described  so 
that  risk  managers  understand  the  degree  of  scientific  confidence 
they  can  place  in  the  risk  assessment. 

The  risk  assessment  contains  no  discussion  of  recommendations 
for  reducing  risk;  these  are  the  focus  of  risk  management. 

Thresholds 

A  principal  feature  of  the  risk  assessment  process  for  noncarcino¬ 
gens  is  the  long-standing  acceptance  that  no  risk  of  adverse  effects 
is  expected  unless  a  threshold  dose  (or  intake)  is  exceeded.  The 
adverse  effects  that  may  be  caused  by  a  nutrient  or  food  component 
almost  certainly  occur  only  when  the  threshold  dose  is  exceeded 
(NRC,  1994;  WHO,  1996).  The  critical  issues  concern  the  methods 
used  to  identify  the  approximate  threshold  of  toxicity  for  a  large 
and  diverse  human  population.  Because  most  nutrients  are  not  con¬ 
sidered  to  be  carcinogenic  in  humans,  approaches  used  for  carcino¬ 
genic  risk  assessment  are  not  discussed  here. 

Thresholds  vary  among  members  of  the  general  population  (NRC, 
1994).  For  any  given  adverse  effect,  if  the  distribution  of  thresholds 
in  the  population  could  be  quantitatively  identified,  it  would  be 
possible  to  establish  ULs  by  defining  some  point  in  the  lower  tail  of 
the  distribution  of  thresholds  that  would  be  protective  for  some 
specified  fraction  of  the  population.  The  method  for  identifying 
thresholds  for  a  general  population  described  here  is  designed  to 
ensure  that  almost  all  members  of  the  population  will  be  protected, 
but  it  is  not  based  on  an  analysis  of  the  theoretical  (but  practically 
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unattainable)  distribution  of  thresholds.  By  using  the  model  to  de¬ 
rive  the  threshold,  however,  there  is  considerable  confidence  that 
the  threshold,  which  becomes  the  UL  for  nutrients  or  food  compo¬ 
nents,  lies  very  near  the  low  end  of  the  theoretical  distribution  and 
is  the  end  representing  the  most  sensitive  members  of  the  popula¬ 
tion.  For  some  nutrients,  there  may  be  subpopulations  that  are  not 
included  in  the  general  distribution  because  of  extreme  or  distinct 
vulnerabilities  to  toxicity.  Data  relating  to  effects  observed  in  these 
groups  are  not  used  to  derive  ULs.  Such  distinct  groups,  whose 
conditions  warrant  medical  supervision,  may  not  be  protected  by 
the  UL. 

The  joint  Food  and  Agricultural  Organization-World  Health  Or¬ 
ganization  (FAO/WHO)  Expert  Committee  on  Food  Additives  and 
various  national  regulatory  bodies  have  identified  factors  (called 
uncertainty  factors  [UFs] )  that  account  for  interspecies  and  intraspe¬ 
cies  differences  in  response  to  the  hazardous  effects  of  substances 
and  for  other  uncertainties  (WHO,  1987).  Uncertainty  factors  are 
used  to  make  inferences  about  the  threshold  dose  of  substances  for 
members  of  a  large  and  diverse  human  population  from  data  on 
adverse  effects  obtained  from  epidemiological  or  experimental  stud¬ 
ies.  These  factors  are  applied  consistently  when  data  of  specific  types 
and  quality  are  available.  They  are  typically  used  to  derive  accept¬ 
able  daily  intakes  for  food  additives  and  other  substances  for  which 
data  on  adverse  effects  are  considered  sufficient  to  meet  minimum 
standards  of  quality  and  completeness  (FAO/WHO,  1982).  These 
adopted  or  recognized  UFs  have  sometimes  been  coupled  with  oth¬ 
er  factors  to  compensate  for  deficiencies  in  the  available  data  and 
other  uncertainties  regarding  data. 

When  possible,  the  UL  is  based  on  a  no-observed-adverse-effect 
level  (NOAEL),  which  is  the  highest  intake  (or  experimental  oral 
dose)  of  a  nutrient  at  which  no  adverse  effects  have  been  observed 
in  the  individuals  studied.  This  is  identified  for  a  specific  circum¬ 
stance  in  the  hazard  identification  and  dose-response  assessment 
steps  of  the  assessment  of  risk.  If  there  are  no  adequate  data  dem¬ 
onstrating  a  NOAEL,  then  a  lowest-observed-adverse-effect  level 
(LOAEL)  may  be  used.  A  LOAEL  is  the  lowest  intake  (or  experi¬ 
mental  oral  dose)  at  which  an  adverse  effect  has  been  identified. 
The  derivation  of  a  UL  from  a  NOAEL  (or  LOAEL)  involves  a  se¬ 
ries  of  choices  about  what  factors  should  be  used  to  deal  with  uncer¬ 
tainties.  Uncertainty  factors  are  applied  in  an  attempt  to  deal  both 
with  incomplete  gaps  in  data  and  with  incomplete  knowledge  re¬ 
garding  the  inferences  required  (e.g.,  the  expected  variability  in 
response  within  the  human  population) .  The  problems  of  both  data 
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and  inference  uncertainties  arise  in  all  steps  of  the  risk  assessment. 
A  discussion  of  options  available  for  dealing  with  these  uncertain¬ 
ties  is  presented  below  and  in  greater  detail  in  Appendix  G. 

A  UL  is  not,  in  itself,  a  description  or  estimate  of  human  risk.  It  is 
derived  by  application  of  the  hazard  identification  and  dose-re¬ 
sponse  evaluation  steps  (steps  1  and  2)  of  the  risk  assessment  mod¬ 
el.  To  determine  whether  populations  are  at  risk  requires  an  intake 
or  exposure  assessment  (step  3,  evaluation  of  intakes  of  the  nutri¬ 
ent  by  the  population)  and  a  determination  of  the  fractions  of  these 
populations,  if  any,  whose  intakes  exceed  the  UL.  In  the  intake 
assessment  and  risk  characterization  steps  (steps  3  and  4),  the  distri¬ 
bution  of  actual  intakes  for  the  population  is  used  as  a  basis  for 
determining  whether  and  to  what  extent  the  population  is  at  risk 
(Figure  4-1).  A  discussion  of  other  aspects  of  the  risk  characteriza¬ 
tion  that  may  be  useful  in  judging  the  public  health  significance  of 
the  risk  and  in  risk  management  decisions  is  provided  in  the  final 
section  of  this  chapter  “Risk  Characterization.” 

APPLICATION  OF  THE  RISK  ASSESSMENT  MODEL 
TO  NUTRIENTS 

This  section  provides  guidance  for  applying  the  risk  assessment 
framework  (the  model)  to  the  derivation  of  Tolerable  Upper  In¬ 
take  Levels  (ULs)  for  nutrients. 

Special  Problems  Associated  with  Substances  Required 
for  Human  Nutrition 

Although  the  risk  assessment  model  outlined  above  can  be  ap¬ 
plied  to  nutrients  to  derive  ULs,  it  must  be  recognized  that  nutri¬ 
ents  possess  some  properties  that  distinguish  them  from  the  types 
of  agents  for  which  the  risk  assessment  model  was  originally  devel¬ 
oped  (NRC,  1983).  In  the  application  of  accepted  standards  for  risk 
assessment  of  environmental  chemicals  to  risk  assessment  of  nutri¬ 
ents  and  food  components,  a  fundamental  difference  between  the 
two  categories  must  be  recognized:  within  a  certain  range  of  in¬ 
takes,  many  nutrients  are  essential  for  human  well-being  and  usual¬ 
ly  for  life  itself.  Nonetheless,  they  may  share  with  other  chemicals 
the  production  of  adverse  effects  at  excessive  exposures.  Because 
the  consumption  of  diets  with  variable  levels  of  nutrients  and  food 
components  is  considered  to  be  consistent  with  the  development 
and  survival  of  humankind  over  many  millennia,  there  is  generally 
less  need  for  the  large  uncertainty  factors  that  have  been  used  in 
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assessing  risk  of  nonessential  chemicals.  In  addition,  if  data  on  the 
adverse  effects  of  nutrients  are  available  primarily  from  studies  in 
human  populations,  there  will  be  less  uncertainty  than  is  associated 
with  the  types  of  data  available  on  nonessential  chemicals. 

There  is  no  evidence  to  suggest  that  nutrients  consumed  at  the 
recommended  intake  (the  Recommended  Dietary  Allowance  [RDA] 
or  Adequate  Intake  [AI])  present  a  risk  of  adverse  effects  to  the 
general  population.1  It  is  clear,  however,  that  the  addition  of  nutri¬ 
ents  to  a  diet  through  the  ingestion  of  large  amounts  of  highly 
fortified  food,  nonfood  sources  such  as  supplements,  or  both,  may 
(at  some  level)  pose  a  risk  of  adverse  health  effects.  The  UL  is  the 
highest  level  of  daily  nutrient  intake  that  is  likely  to  pose  no  risk  of 
adverse  health  effects  to  almost  all  individuals  in  the  general  popu¬ 
lation.  As  intake  increases  above  the  UL,  the  risk  of  adverse  effects 
increases. 

If  adverse  effects  have  been  associated  with  total  intake,  ULs  are 
based  on  total  intake  of  a  nutrient  from  food,  water,  and  supple¬ 
ments.  For  cases  in  which  adverse  effects  have  been  associated  with 
intake  only  from  supplements  and  fortified  food,  the  UL  is  based  on 
intake  from  these  sources  only,  rather  than  total  intake.  The  effects 
of  nutrients  from  fortified  foods  or  supplements  may  differ  from 
those  of  naturally  occurring  constituents  of  foods  because  of  the 
chemical  form  of  the  nutrient,  the  timing  of  the  intake  and  amount 
consumed  in  a  single  bolus  dose,  the  matrix  supplied  by  the  food, 
and  the  relation  of  the  nutrient  to  the  other  constituents  of  the  diet. 
Nutrient  requirements  and  food  intake  are  related  to  the  metaboliz¬ 
ing  body  mass,  which  is  also  at  least  an  indirect  measure  of  the  space 
in  which  the  nutrients  are  distributed.  This  relation  between  food 
intake  and  space  of  distribution  supports  homeostasis,  which  main¬ 
tains  nutrient  concentrations  in  this  space  within  a  range  compati¬ 
ble  with  health.  However,  excessive  intake  of  a  single  nutrient  from 
supplements  or  fortificants  may  compromise  this  homeostatic  mech¬ 
anism.  Such  elevations  alone  may  pose  risks  of  adverse  effects;  im¬ 
balances  among  the  vitamins  or  other  nutrients  may  also  be  possi¬ 
ble.  These  reasons  and  those  discussed  previously  support  the  need 
to  include  the  form  and  pattern  of  consumption  in  the  assessment 
of  risk  from  high  nutrient  or  food  component  intake. 


Tt  is  recognized  that  possible  exceptions  to  this  generalization  relate  to  specific 
geochemical  areas  with  excessive  environmental  exposures  to  certain  trace  ele¬ 
ments  (e.g.,  selenium)  and  to  rare  case  reports  of  adverse  effects  associated  with 
highly  eccentric  consumption  of  specific  foods.  Data  from  such  findings  are  gener¬ 
ally  not  useful  for  setting  ULs  for  the  general  North  American  population. 
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Consideration  of  Variability  in  Sensitivity 

The  risk  assessment  model  outlined  in  this  chapter  is  consistent 
with  classical  risk  assessment  approaches  in  that  it  must  consider 
variability  in  the  sensitivity  of  individuals  to  adverse  effects  of  nutri¬ 
ents  or  food  components.  A  discussion  of  how  variability  is  dealt 
with  in  the  context  of  nutritional  risk  assessment  follows. 

Physiological  changes  and  common  conditions  associated  with 
growth  and  maturation  that  occur  during  an  individual’s  life  span 
may  influence  sensitivity  to  nutrient  toxicity.  For  example,  sensitivi¬ 
ty  increases  with  declines  in  lean  body  mass  and  with  declines  in 
renal  and  liver  function  that  occur  with  aging;  sensitivity  changes  in 
direct  relation  to  intestinal  absorption  or  intestinal  synthesis  of  nu¬ 
trients;  in  the  newborn  infant,  sensitivity  is  also  increased  because 
of  rapid  brain  growth  and  limited  ability  to  secrete  or  biotransform 
toxicants;  and  sensitivity  increases  with  decreases  in  the  rate  of  me¬ 
tabolism  of  nutrients.  During  pregnancy,  the  increase  in  total  body 
water  and  glomerular  filtration  results  in  lower  blood  levels  of  water 
soluble  vitamins  for  a  given  dose,  such  as  vitamin  C,  and  therefore 
reduces  susceptibility  to  potential  adverse  effects.  However,  in  the 
unborn  fetus  this  may  be  offset  by  active  placental  transfer,  accumu¬ 
lation  of  certain  nutrients  in  the  amniotic  fluid,  and  rapid  develop¬ 
ment  of  the  brain.  Examples  of  life  stage  groups  that  may  differ  in 
terms  of  nutritional  needs  and  toxicological  sensitivity  include  in¬ 
fants  and  children,  the  elderly,  and  women  during  pregnancy  and 
lactation. 

Even  within  relatively  homogeneous  life  stage  groups,  there  is  a 
range  of  sensitivities  to  toxic  effects.  The  model  described  below 
accounts  for  normally  expected  variability  in  sensitivity,  but  it  ex¬ 
cludes  subpopulations  with  extreme  and  distinct  vulnerabilities. 
Such  subpopulations  consist  of  individuals  needing  medical  super¬ 
vision;  they  are  better  served  through  the  use  of  public  health 
screening,  product  labeling,  or  other  individualized  health  care 
strategies.  (Such  populations  may  not  be  at  negligible  risk  when  their 
intakes  reach  the  UL  developed  for  the  apparently  healthy  popula¬ 
tion.)  The  decision  to  treat  identifiable  vulnerable  subgroups  as 
distinct  (not  protected  by  the  UL)  is  a  matter  of  judgment  and  is 
discussed  in  individual  nutrient  chapters,  as  applicable. 

Bioavailability 

In  the  context  of  toxicity,  the  bioavailability  of  an  ingested  nutri¬ 
ent  can  be  defined  as  its  accessibility  to  normal  metabolic  and  phys- 
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iological  processes.  Bioavailability  influences  a  nutrient’s  beneficial 
effects  at  physiological  levels  of  intake  and  also  may  affect  the  na¬ 
ture  and  severity  of  toxicity  due  to  excessive  intakes.  Factors  that 
affect  bioavailability  include  the  concentration  and  chemical  form 
of  the  nutrient,  the  nutrition  and  health  of  the  individual,  and  ex¬ 
cretory  losses.  Bioavailability  data  for  specific  nutrients  must  be  con¬ 
sidered  and  incorporated  by  the  risk  assessment  process. 

Some  nutrients  may  be  less  readily  absorbed  when  they  are  part  of 
a  meal  than  when  taken  separately.  Supplemental  forms  of  some 
nutrients  may  require  special  consideration  if  they  have  higher  bio¬ 
availability  and  therefore  may  present  a  greater  risk  of  producing 
adverse  effects  than  equivalent  amounts  from  the  natural  form 
found  in  food. 

Nutrient-Nutrient  Interactions 

A  diverse  array  of  adverse  health  effects  can  occur  as  a  result  of 
the  interaction  of  nutrients.  The  potential  risk  of  adverse  nutrient- 
nutrient  interactions  increases  when  there  is  an  imbalance  in  the 
intake  of  two  or  more  nutrients.  Excessive  intake  of  one  nutrient 
may  interfere  with  absorption,  excretion,  transport,  storage,  func¬ 
tion,  or  metabolism  of  a  second  nutrient.  Possible  adverse  nutrient- 
nutrient  interactions  are  considered  as  a  part  of  setting  a  UL.  Nutri¬ 
ent-nutrient  interactions  may  be  considered  either  as  a  critical 
endpoint  on  which  to  base  a  UL  or  as  supportive  evidence  for  a  UL 
based  on  another  endpoint. 

Other  Relevant  Factors  Affecting  Bioavailability  of  Nutrients 

In  addition  to  nutrient  interactions,  other  considerations  have 
the  potential  to  influence  nutrient  bioavailability,  such  as  the  nutri¬ 
tional  status  of  an  individual  and  the  form  of  intake.  These  issues 
are  considered  in  the  risk  assessment.  With  regard  to  the  form  of 
intake,  fat-soluble  vitamins  such  as  vitamin  E  are  more  readily  ab¬ 
sorbed  when  they  are  part  of  a  meal  that  is  high  in  fat.  ULs  must 
therefore  be  based  on  nutrients  as  part  of  the  total  diet,  including 
the  contribution  from  water.  Nutrient  supplements  that  are  taken 
separately  from  food  require  special  consideration,  because  they 
are  likely  to  have  different  bioavailabilities  and  therefore  may  rep¬ 
resent  a  greater  risk  of  producing  adverse  effects. 
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STEPS  IN  THE  DEVELOPMENT  OF  TOLERABLE 
UPPER  INTAKE  LEVELS 

Hazard  Identification 

Based  on  a  thorough  review  of  the  scientific  literature,  the  hazard 
identification  step  describes  the  adverse  health  effects  that  have 
been  demonstrated  to  be  caused  by  the  nutrient  or  food  compo¬ 
nent. 

In  vivo  studies  in  humans  and  animals  are  the  primary  types  of 
data  used  as  background  for  identifying  nutrient  hazards  in  hu¬ 
mans: 

•  Human  studies.  Human  data  provide  the  most  relevant  kind  of 
information  for  hazard  identification,  and,  when  they  are  of  suffi¬ 
cient  quality  and  extent,  are  given  greatest  weight.  However,  the 
number  of  controlled  human  toxicity  studies  conducted  in  a  clini¬ 
cal  setting  is  very  limited  because  of  ethical  reasons.  Such  studies 
are  generally  most  useful  for  identifying  very  mild  (and  ordinarily 
reversible)  adverse  effects.  Observational  studies  that  focus  on  well- 
defined  populations  with  clear  exposures  to  a  range  of  nutrient 
intake  levels  are  useful  for  establishing  a  relationship  between  ex¬ 
posure  and  effect.  Observational  data  in  the  form  of  case  reports  or 
anecdotal  evidence  are  used  for  developing  hypotheses  that  can 
lead  to  knowledge  of  causal  associations.  Sometimes  a  series  of  case 
reports,  if  it  shows  a  clear  and  distinct  pattern  of  effects,  may  be 
reasonably  convincing  on  the  question  of  causality. 

•  Animal  data.  Most  of  the  available  data  used  in  risk  assess¬ 
ments  come  from  controlled  laboratory  experiments  in  animals, 
usually  mammalian  species  other  than  humans  (e.g.,  rodents).  Such 
data  are  used  in  part  because  human  data  on  nonessential  chemi¬ 
cals  are  generally  very  limited.  Moreover,  there  is  a  long-standing 
history  of  the  use  of  animal  studies  to  identify  the  toxic  properties 
of  chemical  substances,  and  there  is  no  inherent  reason  why  animal 
data  should  not  be  relevant  to  the  evaluation  of  nutrient  toxicity. 
Animal  studies  offer  several  advantages  over  human  studies.  They 
can,  for  example,  be  readily  controlled  so  that  causal  relationships 
can  be  recognized.  It  is  possible  to  identify  the  full  range  of  toxic 
effects  produced  by  a  chemical,  over  a  wide  range  of  exposures,  and 
to  establish  dose-response  relationships.  The  effects  of  chronic  ex¬ 
posures  can  be  identified  in  far  less  time  than  they  can  using  epide¬ 
miological  methods.  All  of  these  advantages  of  animal  data,  howev¬ 
er,  may  not  always  overcome  the  fact  that  species  differences  in 
response  to  chemical  substances  can  sometimes  be  profound,  and 
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any  extrapolation  of  animal  data  to  predict  human  response  has  to 
take  into  account  this  possibility. 

Key  issues  that  are  addressed  in  the  data  evaluation  of  human  and 
animal  studies  are  listed  in  Box  4-1 . 

Evidence  of  Adverse  Effects  in  Humans 

The  hazard  identification  step  involves  the  examination  of  hu¬ 
man,  animal,  and  in  vitro  published  evidence  addressing  the  likeli¬ 
hood  of  a  nutrient  or  food  component  eliciting  an  adverse  effect  in 
humans.  Decisions  regarding  which  observed  effects  are  adverse  are 
based  on  scientific  judgments.  Although  toxicologists  must  consid¬ 
er  the  possibility  that  many  demonstrable  structural  or  functional 
alterations  represent  adverse  effects  with  respect  to  nutrients,  some 
alterations  may  be  considered  of  little  or  self-limiting  biological  im¬ 
portance.  As  noted  earlier,  adverse  nutrient-nutrient  interactions 
are  considered  in  the  definition  of  an  adverse  effect. 

Causality 

The  identification  of  a  hazard  is  strengthened  by  evidence  of  cau¬ 
sality.  As  explained  in  Chapter  3,  the  criteria  of  Hill  (1971)  are 


BOX  4-1  Development  of  Tolerable  Upper  Intake  Levels  (ULs) 

Components  of  Hazard  Identification 

•  Evidence  of  adverse  effects  in  humans 

•  Causality 

•  Relevance  of  experimental  data 

•  Pharmacokinetic  and  metabolic  data 

•  Mechanisms  of  toxic  action 

•  Quality  and  completeness  of  the  database 

•  Identification  of  distinct  and  highly  sensitive  subpopulations 
Components  of  Dose-Response  Assessment 

•  Data  selection  and  identification  of  critical  endpoints 

•  Identification  of  no-observed-adverse-effect  level  (NOAEL)  (or  low- 
est-observed-adverse-effect  level  [LOAEL] ) 

•  Assessment  of  uncertainty  and  data  on  variability  in  response 

•  Derivation  of  a  UL 

•  Characterization  of  the  estimate  and  special  considerations 
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considered  in  judging  the  causal  significance  of  an  exposure-effect 
association  indicated  by  epidemiological  studies. 

Relevance  of  Experimental  Data  on  Nutrient  Toxicity 

Consideration  of  the  following  issues  can  be  useful  in  assessing 
the  relevance  of  experimental  data. 

Animal  Data.  Some  animal  data  may  be  of  limited  utility  in  judg¬ 
ing  the  toxicity  of  nutrients  because  of  highly  variable  interspecies 
differences  in  nutrient  requirements.  Nevertheless,  relevant  animal 
data  are  considered  in  the  hazard  identification  and  dose-response 
assessment  steps  where  applicable  and,  in  general,  are  used  for  haz¬ 
ard  identification  unless  there  are  data  demonstrating  they  are  not 
relevant  to  human  beings  or  it  is  clear  that  the  available  human 
data  are  sufficient. 

Route  of  Exposure.2  Data  derived  from  studies  involving  oral  expo¬ 
sure  (rather  than  parenteral,  inhalation,  or  dermal  exposure)  are 
most  useful  for  the  evaluation  of  nutrients  and  food  components. 
Data  derived  from  studies  involving  parenteral,  inhalation,  or  der¬ 
mal  routes  of  exposure  may  be  considered  relevant  if  the  adverse 
effects  are  systemic  and  data  are  available  to  permit  interroute  ex¬ 
trapolation. 

Duration  of  Exposure.  Because  the  magnitude,  duration,  and  fre¬ 
quency  of  exposure  can  vary  considerably  in  different  situations, 
consideration  must  be  given  to  the  relevance  of  the  exposure  sce¬ 
nario  (e.g.,  chronic  daily  dietary  exposure  versus  short-term  bolus 
doses)  to  dietary  intakes  by  human  populations. 


Pharmacokinetic  and  Metabolic  Data 

When  available,  data  regarding  the  rates  of  nutrient  absorption, 
distribution,  metabolism,  and  excretion  may  be  important  in  deri¬ 
vation  of  Tolerable  Upper  Intake  Levels  (ULs).  Such  data  may  pro¬ 
vide  significant  information  regarding  interspecies  differences  and 
similarities  in  nutrient  behavior,  and  so  may  assist  in  identifying 


^The  terms  route  of  exposure  and  route  of  intake  refer  to  how  a  substance  enters  the 
body  (e.g.,  by  ingestion,  injection,  or  dermal  absorption).  These  terms  should  not 
be  confused  with  form,  of  intake,  which  refers  to  the  medium  or  vehicle  used  (e.g., 
supplements,  food,  or  drinking  water). 
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relevant  animal  data.  They  may  also  assist  in  identifying  life  stage 
differences  in  response  to  nutrient  toxicity. 

In  some  cases,  there  may  be  limited  or  even  no  significant  data 
relating  to  nutrient  toxicity.  It  is  conceivable  that  in  such  cases, 
pharmacokinetic  and  metabolic  data  may  provide  valuable  insights 
into  the  magnitude  of  the  UL.  Thus,  if  there  are  significant  phar¬ 
macokinetic  and  metabolic  data  over  the  range  of  intakes  that  meet 
nutrient  requirements,  and  if  it  is  shown  that  this  pattern  of  phar¬ 
macokinetic  and  metabolic  data  does  not  change  in  a  range  of  in¬ 
takes  greater  than  those  required  for  nutrition,  it  may  be  possible  to 
infer  the  absence  of  toxic  risk  in  this  range.  In  contrast,  an  alter¬ 
ation  of  pharmacokinetics  or  metabolism  may  suggest  the  potential 
for  adverse  effects.  There  has  been  no  case  encountered  thus  far  in 
which  sufficient  pharmacokinetic  and  metabolic  data  are  available 
for  establishing  ULs  in  this  fashion,  but  it  is  possible  such  situations 
may  arise  in  the  future. 


Mechanisms  of  Toxic  Action 

Knowledge  of  molecular  and  cellular  events  underlying  the  pro¬ 
duction  of  toxicity  can  assist  in  dealing  with  the  problems  of  extrap¬ 
olation  between  species  and  from  high  to  lower  doses.  It  may  also 
aid  in  understanding  whether  the  mechanisms  associated  with  tox¬ 
icity  are  those  associated  with  deficiency.  In  most  cases,  however, 
because  knowledge  of  the  biochemical  sequence  of  events  resulting 
from  toxicity  and  deficiency  is  still  incomplete,  it  is  not  yet  possible 
to  state  with  certainty  whether  or  not  these  sequences  share  a  com¬ 
mon  pathway. 

Quality  and  Completeness  of  the  Database 

The  scientific  quality  and  quantity  of  the  database  are  evaluated. 
Human  or  animal  data  are  reviewed  for  suggestions  that  the  sub¬ 
stances  have  the  potential  to  produce  additional  adverse  health  ef¬ 
fects.  If  suggestions  are  found,  additional  studies  may  be  recom¬ 
mended. 

Identification  of  Distinct  and  Highly  Sensitive  Subpopulations 

The  ULs  are  based  on  protecting  the  most  sensitive  members  of 
the  general  population  from  adverse  effects  of  high  nutrient  or 
food  component  intake.  Some  highly  sensitive  subpopulations  have 
responses  (in  terms  of  incidence,  severity,  or  both)  to  the  agent  of 
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interest  that  are  clearly  distinct  from  the  responses  expected  for  the 
presumably  healthy  population.  The  risk  assessment  process  recog¬ 
nizes  that  there  may  be  individuals  within  any  life  stage  group  who 
are  more  biologically  sensitive  than  others,  and  thus  their  extreme 
sensitivities  do  not  fall  within  the  range  of  sensitivities  expected  for 
the  general  population.  The  UL  for  the  general  population  may 
not  be  protective  for  these  subgroups.  As  indicated  earlier,  the  ex¬ 
tent  to  which  a  distinct  subpopulation  will  be  included  in  the  deri¬ 
vation  of  a  UL  for  the  general  population  is  an  area  of  judgment  to 
be  addressed  on  a  case-by-case  basis. 


Dose-Response  Assessment 

The  process  for  deriving  the  UL  is  described  in  this  section  and 
outlined  in  Box  4-1.  It  includes  selection  of  the  critical  data  set, 
identification  of  a  critical  endpoint  with  its  no-observed-adverse- 
effect  level  (NOAEL)  or  lowest-observed-adverse-effect  level  (LOAEL) , 
and  assessment  of  uncertainty. 


Data  Selection  and  Identification  of  Critical  Endpoints 

The  data  evaluation  process  results  in  the  selection  of  the  most 
appropriate  or  critical  data  sets  for  deriving  the  UL.  Selecting  the 
critical  data  set  includes  the  following  considerations: 

•  Human  data,  when  adequate  to  evaluate  adverse  effects,  are 
preferable  to  animal  data,  although  the  latter  may  provide  useful 
supportive  information. 

•  In  the  absence  of  appropriate  human  data,  information  from 
an  animal  species  whose  biological  responses  are  most  like  those  of 
humans  is  most  valuable.  Pharmacokinetic,  metabolic,  and  mecha¬ 
nistic  data  may  be  available  to  assist  in  the  identification  of  relevant 
animal  species. 

•  If  it  is  not  possible  to  identify  such  a  species  or  to  select  such 
data,  data  from  the  most  sensitive  animal  species,  strain,  or  gender 
combination  are  given  the  greatest  emphasis. 

•  The  route  of  exposure  that  most  resembles  the  route  of  ex¬ 
pected  human  intake  is  preferable.  This  includes  considering  the 
digestive  state  (e.g.,  fed  or  fasted)  of  the  subjects  or  experimental 
animals.  Where  this  is  not  possible,  the  differences  in  route  of  expo¬ 
sure  are  noted  as  a  source  of  uncertainty. 

•  The  critical  data  set  defines  a  dose-response  relationship  be¬ 
tween  intake  and  the  extent  of  the  toxic  response  known  to  be  most 
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relevant  to  humans.  Data  on  bioavailability  are  considered,  and  ad¬ 
justments  in  expressions  of  dose-response  are  made  to  determine 
whether  any  apparent  differences  in  response  can  be  explained. 

•  The  critical  data  set  documents  the  route  of  exposure  and 
the  magnitude  and  duration  of  the  intake.  Furthermore,  the  critical 
data  set  documents  the  NOAEL  (or  LOAEL). 

Identification  of  NOAEL  (or  LOAEL) 

A  nutrient  can  produce  more  than  one  toxic  effect  (or  endpoint), 
even  within  the  same  species  or  in  studies  using  the  same  or  differ¬ 
ent  exposure  durations.  The  NOAELs  and  LOAELs  for  these  effects 
will  ordinarily  differ.  The  critical  endpoint  used  to  establish  a  UL  is 
the  adverse  biological  effect  exhibiting  the  lowest  NOAEL  (e.g.,  the 
most  sensitive  indicator  of  a  nutrient’s  toxicity) .  Because  the  selec¬ 
tion  of  uncertainty  factors  (UFs)  depends  in  part  upon  the  serious¬ 
ness  of  the  adverse  effect,  it  is  possible  that  lower  ULs  may  result 
from  the  use  of  the  most  serious  (rather  than  most  sensitive )  end¬ 
point.  Thus,  it  is  often  necessary  to  evaluate  several  endpoints  inde¬ 
pendently  to  determine  which  leads  to  the  lowest  UL. 

For  some  nutrients,  there  may  be  inadequate  data  on  which  to 
develop  a  UL.  The  lack  of  reports  of  adverse  effects  following  excess 
intake  of  a  nutrient  does  not  mean  that  adverse  effects  do  not  oc¬ 
cur.  As  the  intake  of  any  nutrient  increases,  a  point  (see  Figure  4-2) 


FIGURE  4-2  Theoretical  description  of  health  effects  of  a  nutrient  as  a  function  of 
level  of  intake.  The  Tolerable  Upper  Intake  Level  (UL)  is  the  highest  level  of  daily 
nutrient  intake  that  is  likely  to  pose  no  risk  of  adverse  health  effects  for  almost  all 
individuals  in  the  general  population.  At  intakes  above  the  UL,  the  risk  of  adverse 
effects  increases. 
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is  reached  at  which  intake  begins  to  pose  a  risk.  Above  this  point, 
increased  intake  increases  the  risk  of  adverse  effects.  For  some  nu¬ 
trients,  and  for  various  reasons,  there  are  inadequate  data  to  identi¬ 
fy  this  point,  or  even  to  make  any  estimate  of  its  location. 

Because  adverse  effects  are  almost  certain  to  occur  for  any  nutri¬ 
ent  at  some  level  of  intake,  it  should  be  assumed  that  such  effects 
may  occur  for  nutrients  for  which  a  scientifically  documented  UL 
cannot  now  be  derived.  Until  a  UL  is  set  or  an  alternative  approach 
to  identifying  protective  limits  is  developed,  intakes  greater  than 
the  Recommended  Dietary  Allowance  (RDA)  or  Adequate  Intake 
(AI)  should  be  viewed  with  caution. 

The  absence  of  data  sufficient  to  establish  a  UL  points  to  the  need 
for  studies  suitable  for  developing  ULs. 

Uncertainty  Assessment 

Several  judgments  must  be  made  regarding  the  uncertainties  and 
thus  the  uncertainty  factor  (UF)  associated  with  extrapolating  from 
the  observed  data  to  the  general  population  (see  Appendix  G). 
Applying  a  UF  to  a  NOAEL  (or  LOAEL)  results  in  a  value  for  the 
derived  UL  that  is  less  than  the  experimentally  derived  NOAEL, 
unless  the  UF  is  1.0.  The  greater  the  uncertainty,  the  larger  the  UF 
and  the  smaller  the  resulting  UL.  This  is  consistent  with  the  ulti¬ 
mate  goal  of  the  risk  assessment:  to  provide  an  estimate  of  a  level  of 
intake  that  will  protect  the  health  of  virtually  all  members  of  the 
general  population  (Mertz  et  al.,  1994). 

Although  several  reports  describe  the  underlying  basis  for  UFs 
(Dourson  and  Stara,  1983;  Zielhuis  and  van  der  Kreek,  1979),  the 
strength  of  the  evidence  supporting  the  use  of  a  specific  UF  will 
vary.  Because  the  imprecision  of  the  UFs  is  a  major  limitation  of  risk 
assessment  approaches,  considerable  leeway  must  be  allowed  for 
the  application  of  scientific  judgment  in  making  the  final  determi¬ 
nation.  Because  data  are  generally  available  regarding  intakes  of 
nutrients  and  food  components  by  human  populations,  the  data  on 
nutrient  toxicity  may  not  be  subject  to  the  same  uncertainties  as 
data  on  nonessential  chemical  agents,  resulting  in  UFs  for  nutrients 
and  food  components  typically  less  than  the  factors  of  10  often 
applied  to  nonessential  toxic  substances.  The  UFs  are  lower  with 
higher  quality  data  and  when  the  adverse  effects  are  extremely  mild 
and  reversible. 

In  general,  when  determining  an  uncertainty  factor,  the  following 
potential  sources  of  uncertainty  are  considered  and  combined  into 
the  final  UF: 
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•  Interindividual  variation  in  sensitivity.  Small  UFs  (close  to  1) 
are  used  to  represent  this  source  of  uncertainty  if  it  is  judged  that 
little  population  variability  is  expected  for  the  adverse  effect,  and 
larger  factors  (close  to  10)  are  used  if  variability  is  expected  to  be 
great  (NRG,  1994). 

•  Extrapolation  from  experimental  animals  to  humans.  A  UF  to  ac¬ 
count  for  the  uncertainty  in  extrapolating  animal  data  to  humans  is 
generally  applied  to  the  NOAEL  when  animal  data  are  the  primary 
data  set  available.  While  a  default  UF  of  10  is  often  used  to  extrapo¬ 
late  animal  data  to  humans  for  nonessential  chemicals,  a  lower  UF 
may  be  used  because  of  data  showing  some  similarities  between  the 
animal  and  human  responses  (NRC,  1994).  For  example,  in  this 
report  a  UF  of  3  was  utilized  to  extrapolate  from  animal  data  to 
humans  for  vitamin  E. 

•  LOAEL  instead  of  NOAEL.  If  a  NOAEL  is  not  available,  a  UF 
may  be  applied  to  account  for  the  uncertainty  in  deriving  a  UL 
from  the  LOAEL.  The  size  of  the  UF  applied  involves  scientific 
judgment  based  on  the  severity  and  incidence  of  the  observed  ef¬ 
fect  at  the  LOAEL  and  the  steepness  (slope)  of  the  dose  response. 

•  Subchronic  NOAEL  to  predict  chronic  NOAEL.  When  data  are 
lacking  on  chronic  exposures,  scientific  judgment  is  necessary  to 
determine  whether  chronic  exposure  is  likely  to  lead  to  adverse 
effects  at  lower  intakes  than  those  producing  effects  after  subchron¬ 
ic  exposures  (exposures  of  shorter  duration). 

Derivation  of  a  UL 

The  UL  is  derived  by  dividing  the  NOAEL  (or  LOAEL)  by  a  single 
UF  that  incorporates  all  relevant  uncertainties.  ULs,  expressed  as 
amount  per  day,  are  derived  for  various  life  stage  groups  using  rele¬ 
vant  databases,  NOAELs  and  LOAELs,  and  UFs.  In  cases  where  no 
data  exist  with  regard  to  NOAELs  or  LOAELs  for  the  group  under 
consideration,  extrapolations  from  data  in  other  age  groups  or  ani¬ 
mal  data  are  made  on  the  basis  of  known  differences  in  body  size, 
physiology,  metabolism,  absorption,  and  excretion  of  the  nutrient. 

Generally,  age  group  adjustments  are  based  solely  on  differences 
in  body  weight,  unless  there  are  data  demonstrating  age-related  dif¬ 
ferences  in  nutrient  pharmacokinetics,  metabolism,  or  mechanism 
of  action. 

The  derivation  of  a  UL  involves  the  use  of  scientific  judgment  to 
select  the  appropriate  NOAEL  (or  LOAEL)  and  UF.  The  risk  assess¬ 
ment  requires  explicit  consideration  and  discussion  of  all  choices 
made,  regarding  both  the  data  used  and  the  uncertainties  account- 
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ed  for.  These  considerations  are  discussed  in  the  chapters  on  nutri¬ 
ents  and  food  components.  In  this  report,  because  of  lack  of  consis¬ 
tency  in  the  data,  ULs  could  not  be  set  for  p-carotene.  In  addition, 
ULs  could  not  be  established  for  the  other  carotenoids  due  to  a 
lack  of  suitable  data. 

Characterization  of  the  Estimate  and  Special  Considerations 

If  the  data  review  reveals  the  existence  of  subpopulations  having 
distinct  and  exceptional  sensitivities  to  a  nutrient’s  toxicity,  these 
subpopulations  are  explicitly  discussed  and  concerns  related  to  ad¬ 
verse  effects  are  noted;  however,  the  use  of  the  data  is  not  included 
in  the  identification  of  the  NOAEL  or  LOAEL,  upon  which  the  UL 
for  the  general  population  is  based. 

INTAKE  ASSESSMENT 

In  order  to  assess  the  risk  of  adverse  effects,  information  on  the 
range  of  nutrient  intakes  in  the  general  population  is  required.  As 
noted  earlier,  in  cases  where  the  Tolerable  Upper  Intake  Level  (UL) 
pertains  only  to  supplement  use,  and  does  not  pertain  to  usual  food 
intakes  of  the  nutrient,  the  assessment  is  directed  at  supplement 
intakes  only. 


RISK  CHARACTERIZATION 

As  described  earlier,  the  question  of  whether  nutrient  intakes  cre¬ 
ate  a  risk  of  adverse  effects  requires  a  comparison  of  the  range  of 
nutrient  intakes  (food,  supplements,  and  other  sources  or  supple¬ 
ments  alone,  depending  upon  the  basis  for  the  Tolerable  Upper 
Level  Intake  [UL] )  with  the  UL. 

Figure  4-3  illustrates  a  distribution  of  chronic  nutrient  intakes  in  a 
population;  the  fraction  of  the  population  experiencing  chronic 
intakes  above  the  UL  represents  the  potential  at-risk  group.  A  poli¬ 
cy  decision  is  needed  to  determine  whether  efforts  should  be  made 
to  reduce  this  risk.  No  precedents  are  available  for  such  policy  choic¬ 
es,  although  in  the  area  of  food  additive  or  pesticide  regulations, 
federal  regulatory  agencies  have  generally  sought  to  ensure  that  the 
ninetieth  or  ninety-fifth  percentile  intakes  fall  below  the  UL  (or  its 
approximate  equivalent  measure  of  risk).  If  this  goal  is  achieved, 
the  fraction  of  the  population  remaining  above  the  UL  is  likely  to 
experience  intakes  only  slightly  greater  than  the  UL  and  is  likely  to 
be  at  little  or  no  risk. 
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FIGURE  4-3  Illustration  of  the  population  at  risk  from  excessive  nutrient  intakes. 
The  fraction  of  the  population  consistently  consuming  a  nutrient  at  intake  levels  in 
excess  of  the  UL  is  potentially  at  risk  of  adverse  health  effects.  See  text  for  a 
discussion  of  additional  factors  necessary  to  judge  the  significance  of  the  risk. 
LOAEL  =  lowest-observed-adverse-effect  level,  NOAEL  =  no-observed-adverse-ef- 
fect  level,  UL=  Tolerable  Upper  Intake  Level. 


For  risk  management  decisions,  it  is  useful  to  evaluate  the  public 
health  significance  of  the  risk,  and  information  contained  in  the 
risk  characterization  is  critical  for  this  purpose. 

Thus,  the  significance  of  the  risk  to  a  population  consuming  a 
nutrient  in  excess  of  the  UL  is  determined  by  the  following: 

1.  the  fraction  of  the  population  consistently  consuming  the  nu¬ 
trient  at  intake  levels  in  excess  of  the  UL; 

2.  the  seriousness  of  the  adverse  effects  associated  with  the  nu¬ 
trient; 

3.  the  extent  to  which  the  effect  is  reversible  when  intakes  are 
reduced  to  levels  less  than  the  UL;  and 

4.  the  fraction  of  the  population  with  consistent  intakes  above 
the  NOAEL  or  even  the  LOAEL. 

Thus,  the  significance  of  the  risk  of  excessive  nutrient  intake  can¬ 
not  be  judged  only  by  reference  to  Figure  4-3,  but  requires  careful 


94 


DIETARY  REFERENCE  INTAKES 


consideration  of  all  of  the  above  factors.  Information  on  these  fac¬ 
tors  is  contained  in  this  report’s  sections  describing  the  basis  for 
each  of  the  ULs. 
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Vitamin  C 


SUMMARY 

Vitamin  C  functions  physiologically  as  a  water-soluble  antioxidant 
by  virtue  of  its  high  reducing  power.  It  is  a  cofactor  for  enzymes 
involved  in  the  biosynthesis  of  collagen,  carnitine,  and  neurotrans¬ 
mitters  in  vitro,  and  it  can  quench  a  variety  of  reactive  oxygen 
species  and  reactive  nitrogen  species  in  aqueous  environments. 
Evidence  for  in  vivo  antioxidant  functions  of  ascorbate  include 
the  scavenging  of  reactive  oxidants  in  activated  leukocytes,  lung, 
and  gastric  mucosa,  and  diminished  lipid  peroxidation  as  mea¬ 
sured  by  urinary  isoprostane  excretion.  To  provide  antioxidant 
protection,  a  Recommended  Dietary  Allowance  (RDA)  of  90  mg/ 
day  for  adult  men  and  75  mg/ day  for  adult  women  is  set  based  on 
the  vitamin  C  intake  to  maintain  near-maximal  neutrophil  con¬ 
centration  with  minimal  urinary  excretion  of  ascorbate.  Because 
smoking  increases  oxidative  stress  and  metabolic  turnover  of  vita¬ 
min  C,  the  requirement  for  smokers  is  increased  by  35  mg/day. 
Estimates  of  median  dietary  intakes  of  vitamin  C  for  adults  are  102 
mg/ day  and  72  mg/day  in  the  United  States  and  Canada,  respec¬ 
tively.  The  Tolerable  Upper  Intake  Level  (UL)  for  adults  is  set  at  2 
g/ day;  the  adverse  effects  upon  which  the  UL  is  based  are  osmotic 
diarrhea  and  gastrointestinal  disturbances. 


BACKGROUND  INFORMATION 

Vitamin  C  is  a  water-soluble  vitamin  that  is  essential  for  all  humans 
and  a  few  other  mammals  that  lack  the  ability  to  biosynthesize  the 
compound  from  glucose  because  they  lack  the  enzyme  gulono- 
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lactone  oxidase.  The  term  vitamin  C  refers  to  both  ascorbic  acid 
and  dehydroascorbic  acid  (DHA),  since  both  exhibit  anti-scorbutic 
activity.  Ascorbic  acid,  the  functional  and  primary  in  vivo  form  of 
the  vitamin,  is  the  enolic  form  of  an  a-ketolactone  (2,3-didehydro-i- 
threo-hexano-1, 4-lactone).  The  two  enolic  hydrogen  atoms  give  the 
compound  its  acidic  character  and  provide  electrons  for  its  func¬ 
tion  as  a  reductant  and  antioxidant.  Its  one-electron  oxidation  prod¬ 
uct,  the  ascorbyl  radical,  readily  dismutates  to  ascorbate  and  DHA, 
the  two-electron  oxidation  products.  Both  the  ascorbyl  radical  and 
DHA  are  readily  reduced  back  to  ascorbic  acid  in  vivo.  However, 
DHA  can  be  hydrolyzed  irreversibly  to  2,3-diketogulonic  acid.  The 
molecular  structure  of  ascorbic  acid  contains  an  asymmetric  carbon 
atom  that  allows  two  enantiomeric  forms,  of  which  the  l  form  is 
naturally  occurring  (the  D-form,  isoascorbic  or  erythorbic  acid,  pro¬ 
vides  antioxidant  but  little  or  no  anti-scorbutic  activity) ,  as  shown  in 
Figure  5-1. 

Function 

The  biological  functions  of  ascorbic  acid  are  based  on  its  ability  to 
provide  reducing  equivalents  for  a  variety  of  biochemical  reactions. 
Because  of  its  reducing  power,  the  vitamin  can  reduce  most  physio¬ 
logically  relevant  reactive  oxygen  species  (Buettner,  1993).  As  such, 
the  vitamin  functions  primarily  as  a  cofactor  for  reactions  requiring 
a  reduced  iron  or  copper  metalloenzyme  and  as  a  protective  antiox¬ 
idant  that  operates  in  the  aqueous  phase  both  intra-  and  extracellu- 
larly  (Englard  and  Seifter,  1986;  Halliwell  and  Whiteman,  1997; 
Tsao,  1997).  Both  the  one-  and  the  two-electron  oxidation  products 
of  the  vitamin  are  readily  regenerated  in  vivo — chemically  and  enzy¬ 
matically — by  glutathione,  nicotinamide  adenine  dinucleotide 
(NADH),  and  nicotinamide  adenine  dinucleotide  phosphate  (NAD- 
PH)  dependent  reductases  (May  et  al.,  1998;  Park  and  Levine,  1996) . 

Vitamin  C  is  known  to  be  an  electron  donor  for  eight  human 
enzymes.  Three  participate  in  collagen  hydroxylation;  two  in  car¬ 
nitine  biosynthesis;  and  three  in  hormone  and  amino  acid  biosyn¬ 
thesis.  The  three  enzymes  that  participate  in  hormone  and  amino 
acid  biosynthesis  are  dopamine-p-hydroxylase,  necessary  for  the  bio¬ 
synthesis  of  the  catecholamines  norepinephrine  and  epinephrine; 
peptidyl-glycine  monooxygenase,  necessary  for  amidation  of  pep¬ 
tide  hormones;  and  4-hydroxyphenylpyruvatedioxygenase,  involved 
in  tyrosine  metabolism.  Ascorbate’s  action  with  these  enzymes  in- 
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volves  either  monooxygenase  or  dioxygenase  activities  (Levine  et 
al.,  1996b). 

As  a  cofactor  for  hydroxylase  and  oxygenase  metalloenzymes,  as¬ 
corbic  acid  is  believed  to  work  by  reducing  the  active  metal  site, 
resulting  in  reactivation  of  the  metal-enzyme  complex,  or  by  acting 
as  a  co-substrate  involved  in  the  reduction  of  molecular  oxygen.  The 
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best  known  of  these  reactions  is  the  posttranslational  hydroxylation 
of  peptide-bound  proline  and  lysine  residues  during  formation  of 
mature  collagen.  In  these  reactions,  ascorbate  is  believed  to  reacti¬ 
vate  the  enzymes  by  reducing  the  metal  sites  of  prolyl  (iron)  and 
lysyl  (copper)  hydroxylases  (Englard  and  Seifter,  1986;  Tsao,  1997). 

Evidence  also  suggests  that  ascorbate  plays  a  role  in  or  influences 
collagen  gene  expression,  cellular  procollagen  secretion,  and  the 
biosynthesis  of  other  connective  tissue  components  besides  col¬ 
lagen,  including  elastin,  fibronectin,  proteoglycans,  bone  matrix, 
and  elastin-associated  fibrillin  (Ronchetti  et  al.,  1996).  The  primary 
physical  symptoms  of  ascorbic  acid’s  clinical  deficiency  disease,  scur¬ 
vy,  which  involves  deterioration  of  elastic  tissue,  illustrate  the  im¬ 
portant  role  of  ascorbate  in  connective  tissue  synthesis. 

Ascorbic  acid  is  involved  in  the  synthesis  and  modulation  of  some 
hormonal  components  of  the  nervous  system.  The  vitamin  is  a  co¬ 
factor  for  dopamine-(3-hydroxylase,  which  catalyzes  hydroxylation  of 
the  side  chain  of  dopamine  to  form  norepinephrine,  and  a-amidat- 
ing  monooxygenase  enzymes,  involved  in  the  biosynthesis  of  neu¬ 
ropeptides.  Other  nervous  system  components  modulated  by  as¬ 
corbate  concentrations  include  neurotransmitter  receptors,  the 
function  of  glutamatergic  and  dopaminergic  neurons,  and  synthesis 
of  glial  cells  and  myelin  (Englard  and  Seifter,  1986;  Katsuki,  1996). 

Because  of  its  ability  to  donate  electrons,  ascorbic  acid  is  an  effec¬ 
tive  antioxidant.  The  vitamin  readily  scavenges  reactive  oxygen  spe¬ 
cies  (ROS)  and  reactive  nitrogen  species  (RNS)  (e.g.,  hydroxyl,  per- 
oxyl,  superoxide,  peroxynitrite,  and  nitroxide  radicals)  as  well  as 
singlet  oxygen  and  hypochlorite  (Frei  et  al.,  1989;  Halliwell  and 
Whiteman,  1997;  Sies  and  Stahl,  1995).  The  one-  and  two-electron 
oxidation  products  of  ascorbate  are  relatively  nontoxic  and  easily 
regenerated  by  the  ubiquitous  reductants  glutathione  and  NADH  or 
NAD-PH.  The  relatively  high  tissue  levels  of  ascorbate  provide  sub¬ 
stantial  antioxidant  protection:  in  the  eye,  against  photolytically  gen¬ 
erated  free-radical  damage;  in  neutrophils,  against  ROS  produced 
during  phagocytosis;  and  in  semen,  against  oxidative  damage  to 
sperm  deoxyribonucleic  acid  (DNA)  (Delamere,  1996;  Fraga  et  al., 
1991;  Levine  et  al.,  1994).  Ascorbic  acid  protects  against  plasma  and 
low-density  lipoprotein  (LDL)  oxidation  by  scavenging  ROS  in  the 
aqueous  phase  before  they  initiate  lipid  peroxidation  (Frei  et  al., 
1988;  Jialal  et  al.,  1990)  and  possibly  by  sparing  or  regenerating 
vitamin  E  (Halpner  et  al.,  1998).  Evidence  suggests  that  ascorbate 
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also  provides  antioxidant  protection  indirectly  by  regenerating  oth¬ 
er  biological  antioxidants  such  as  glutathione  and  a-tocopherol  back 
to  their  active  state  (Jacob,  1995). 

Ascorbic  acid  functions  as  a  reducing  agent  for  mixed-function 
oxidases  in  the  microsomal  drug-metabolizing  system  that  inacti¬ 
vates  a  wide  variety  of  substrates,  such  as  endogenous  hormones  or 
xenobiotics  (i.e.,  other  chemical  compounds  such  as  drugs,  pesti¬ 
cides,  or  carcinogens  that  are  foreign  to  humans)  (Tsao,  1997). 
The  activity  of  both  microsomal  drug-metabolizing  enzymes  and 
cytochrome  P-450  electron  transport  is  lowered  by  ascorbate  defi¬ 
ciency.  The  vitamin  is  involved  in  the  biosynthesis  of  corticosteroids 
and  aldosterone  and  in  the  microsomal  hydroxylation  of  cholester¬ 
ol  in  the  conversion  of  cholesterol  to  bile  acids.  In  reactions  similar 
to  the  hydroxylation  of  proline  for  collagen  synthesis,  ascorbate  is 
required  along  with  iron  at  two  steps  in  the  pathway  of  carnitine 
biosynthesis.  Ascorbic  acid  modulates  iron  absorption,  transport, 
and  storage  (Gosiewska  et  al.,  1996).  Limited  data  suggest  that  as¬ 
corbate  modulates  prostaglandin  synthesis  and  thus  exerts  bron- 
chodilatory  and  vasodilatory  as  well  as  anticlotting  effects  (Horrobin, 
1996). 


Physiology  of  Absorption,  Metabolism,  and  Excretion 
Absorption  and  Transport 

Intestinal  absorption  of  ascorbic  acid  occurs  through  a  sodium- 
dependent  active  transport  process  that  is  saturable  and  dose  de¬ 
pendent  (Rumsey  and  Levine,  1998;  Tsao,  1997) .  At  low  gastrointes¬ 
tinal  ascorbate  concentrations,  active  transport  predominates,  while 
simple  diffusion  occurs  at  high  concentrations.  Some  70  to  90  per¬ 
cent  of  usual  dietary  intakes  of  ascorbic  acid  (30  to  180  mg/day)  are 
absorbed;  however,  absorption  falls  to  about  50  percent  or  less  with 
increasing  doses  above  1  g/day  (Kallner  et  al.,  1979).  The  bioavail¬ 
abilities  of  the  vitamin  from  foods  and  supplements  are  not  signifi¬ 
cantly  different  (Johnston  and  Luo,  1994;  Mangels  et  al.,  1993). 

Cellular  transport  of  ascorbic  acid  and  DHA  is  mediated  by  trans¬ 
porters  that  vary  by  cell  type  (Jacob,  1999;  Tsao,  1997).  DHA  is  the 
jform  of  the  vitamin  that  primarily  crosses  the  membranes  of  blood 
and  intestinal  cells,  after  which  it  is  reduced  intracellularly  to  ascor¬ 
bic  acid.  Accumulation  of  ascorbate  into  neutrophils  and  lympho- 
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cytes  is  mediated  by  both  high-  and  low-affinity  transporters,  and 
the  vitamin  is  localized  mostly  in  the  cytosol.  Intracellularly  and  in 
plasma,  vitamin  C  exists  predominately  in  the  free  reduced  form  as 
ascorbate  monoanion,  as  shown  in  Figure  5-1  (Levine  et  al.,  1994). 

Metabolism  and  Excretion 

Since  the  immediate  oxidized  forms  of  vitamin  C  are  readily  re¬ 
duced  back  to  ascorbic  acid,  relatively  small  amounts  of  the  vitamin 
are  lost  through  catabolism.  The  primary  products  of  oxidation  be¬ 
yond  DHA  include  oxalic  and  threonic  acids,  L-xylose,  and  ascor¬ 
bate  2-sulfate  (Jacob,  1999).  With  large  intakes  of  the  vitamin,  unab¬ 
sorbed  ascorbate  is  degraded  in  the  intestine,  a  process  that  may 
account  for  the  diarrhea  and  intestinal  discomfort  sometimes  re¬ 
ported  by  persons  ingesting  large  doses  (see  section  on  “Adverse 
Effects”). 

Besides  dose-dependent  absorption,  a  second  primary  mechanism 
for  regulation  of  body  ascorbate  content  is  renal  action  to  conserve 
or  excrete  unmetabolized  ascorbate.  Recent  studies  have  shown  that 
little  unmetabolized  ascorbate  is  excreted  with  dietary  intakes  up  to 
about  80  mg/day  and  that  renal  excretion  of  ascorbate  increases 
proportionately  with  higher  intakes  (Blanchard  etal.,  1997;  Melethil 
etal.,  1986). 

Body  Stores 

Dose-dependent  absorption  and  renal  regulation  of  ascorbate  al¬ 
low  conservation  of  the  vitamin  by  the  body  during  low  intakes  and 
limitation  of  plasma  levels  at  high  intakes.  Tissue-specific  cellular 
transport  systems  allow  for  wide  variation  of  tissue  ascorbate  con¬ 
centrations.  High  levels  are  maintained  in  the  pituitary  and  adrenal 
glands,  leukocytes,  eye  tissues  and  humors,  and  the  brain,  while  low 
levels  are  found  in  plasma  and  saliva  (Hornig,  1975).  Due  to  ho¬ 
meostatic  regulation,  the  biological  half-life  of  ascorbate  varies  wide¬ 
ly  from  8  to  40  days  and  is  inversely  related  to  the  ascorbate  body 
pool  (Kallner  et  al.,  1979).  Similarly,  catabolic  turnover  varies  wide¬ 
ly,  about  10  to  45  mg/day,  over  a  wide  range  of  dietary  intakes  due 
to  body  pool  size.  A  total  body  pool  of  less  than  S00  mg  is  associated 
with  scurvy  symptoms  (Baker  et  al.,  1971),  while  maximum  body 
pools  are  limited  to  about  2  g  (Kallner  et  al.,  1979).  At  very  low 
ascorbate  intakes,  essentially  no  ascorbate  is  excreted  unchanged 
and  a  minimal  loss  occurs. 
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Clinical  Effects  of  Inadequate  Intake 

Scurvy,  the  classic  disease  of  severe  vitamin  C  deficiency,  is  charac¬ 
terized  by  symptoms  related  to  connective  tissue  defects.  Scurvy  usu¬ 
ally  occurs  at  a  plasma  concentration  of  less  than  11  pmol/L  (0.2 
mg/dL) .  Clinical  features  of  scurvy  include  follicular  hyperkerato¬ 
sis,  petechiae,  ecchymoses,  coiled  hairs,  inflamed  and  bleeding 
gums,  perifollicular  hemorrhages,  joint  effusions,  arthralgia,  and 
impaired  wound  healing  (Baker  et  al.,  1971;  Chazan  and  Mistilis, 
1963;  Levine  et  al.,  1996b).  Other  symptoms  include  dyspnea,  ede¬ 
ma,  Sjogren’s  syndrome  (dry  eyes  and  mouth),  weakness,  fatigue, 
and  depression.  In  experimental  subjects  made  vitamin  C  deficient 
but  not  frankly  scorbutic,  gingival  inflammation  (Leggott  et  al., 
1986)  and  fatigue  (Levine  et  al.,  1996a)  were  among  the  most  sensi¬ 
tive  markers  of  deficiency.  Vitamin  C  deficiency  in  infants  may  re¬ 
sult  in  bone  abnormalities  such  as  impaired  bone  growth  and  dis¬ 
turbed  ossification,  hemorrhagic  symptoms,  and  resultant  anemia 
(Jacob,  1999). 

Lack  of  ascorbate-related  hydroxyproline  and  hydroxylysine  for¬ 
mation  needed  for  collagen  cross-linking  may  explain  many  of  the 
connective  tissue  and  hemorrhagic  manifestations  of  scurvy,  howev¬ 
er,  the  specific  histologic  defects  have  not  been  identified.  Oxidative 
degradation  of  some  blood  coagulation  factors  due  to  low  plasma 
ascorbate  concentrations  may  contribute  to  hemorrhagic  symptoms 
(Parkkinen  et  al.,  1996). 

Scurvy  is  rare  in  developed  countries  but  is  occasionally  seen  in 
individuals  who  consume  few  fruits  and  vegetables,  peculiar  or  re¬ 
stricted  diets,  or  in  those  who  abuse  alcohol  or  drugs.  In  the  United 
States,  low  blood  ascorbate  concentrations  are  more  prevalent  in 
men,  especially  elderly  men,  than  in  women  and  are  more  preva¬ 
lent  in  populations  of  lower  socioeconomic  status  (LSRO/FASEB, 
1989).  Infantile  scurvy  is  rarely  seen,  because  human  milk  provides 
an  adequate  supply  of  vitamin  C  and  infant  formulas  are  fortified 
with  the  vitamin. 

SELECTION  OF  INDICATORS  FOR  ESTIMATING  THE 
REQUIREMENT  FOR  VITAMIN  C 

Antioxidant  Functions 

There  is  much  support  for  the  role  of  increased  oxidative  stress  in 
the  pathogenesis  of  cardiovascular  disease  (Jialal  and  Devaraj,  1996; 
Witztum  and  Steinberg,  1991).  The  most  plausible  and  biologically 
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relevant  hypothesis  is  that  the  oxidative  modification  of  low-density 
lipoprotein  (LDL)  and  other  lipoproteins  promote  atherogenesis 
(Berliner  and  Heinecke,  1996;  Devaraj  and  Jialal,  1996;  Witztum 
and  Steinberg,  1991).  Several  lines  of  evidence  suggest  that  oxi¬ 
dized  LDL  (oxLDL)  is  pro-atherogenic.  Furthermore,  data  support 
the  in  vivo  existence  of  oxLDL  (Berliner  and  Heinecke,  1996;  Witz¬ 
tum  and  Steinberg,  1991).  In  vitro  studies  have  clearly  shown  that 
vitamin  C  at  concentrations  greater  than  40  pmol/L  (0.8  mg/ dL) 
inhibits  the  oxidation  of  isolated  LDL  induced  by  transition  metals, 
free-radical  initiators,  and  activated  human  neutrophils  and  mac¬ 
rophages  (Jialal  and  Grundy,  1991;  Jialal  et  al.,  1990;  Scaccini  and 
Jialal,  1994).  This  is  because  vitamin  C  effectively  scavenges  aque¬ 
ous  reactive  oxygen  species  (ROS)  and  reactive  nitrogen  species 
(RNS),  which  prevents  them  from  attacking  LDL.  Thus,  in  vitro 
vitamin  C  clearly  functions  as  an  antioxidant. 

Studies  shown  in  Table  5-1  examined  the  effect  of  vitamin  C  sup¬ 
plementation  alone  on  biomarkers  of  lipid  peroxidation.  Of  the  IS 
studies,  7  showed  that  vitamin  C  supplementation  resulted  in  a  sig¬ 
nificant  decrease  in  lipid  oxidation  products  in  plasma,  LDL,  or 
urine.  The  vitamin  C  supplements  that  resulted  in  positive  effects 
ranged  from  500  to  2,000  mg/day.  The  most  convincing  evidence 
that  vitamin  C  functions  as  an  antioxidant  in  vivo  is  the  study  by 
Reilly  et  al.  (1996)  showing  that  supplementation  of  smokers  with 
2.0  g  vitamin  C  for  5  days  was  associated  with  a  significant  reduction 
in  urinary  isoprostanes,  an  indicator  of  oxidative  stress.  In  the  re¬ 
maining  six  studies  in  which  vitamin  C  was  supplemented  in  amounts 
ranging  from  500  to  6,000  mg/day,  there  was  no  significant  effect  of 
vitamin  C  supplementation  on  lipid  oxidation  products  in  plasma, 
urine,  or  plasma  LDL. 

Carr  and  Frei  (1999)  examined  the  effect  on  LDL  oxidation  of 
supplementation  with  vitamin  C  in  combination  with  vitamin  E  and 
P-carotene.  Although  these  investigators  have  clearly  shown  that  the 
supplements  decrease  LDL  oxidation,  it  is  difficult  to  assess  the 
contribution  of  vitamin  C  alone. 

Vitamin  C  supplementation  (2,000  mg/day  for  4  to  12  months)  in 
41  patients  with  non-atrophic  gastritis  decreased  gastric  mucosal 
nitrotyrosine,  a  measure  of  RNS  activity  (Table  5-2)  (Mannick  et  al., 
1996).  Thus,  from  this  study  and  the  study  by  Reilly  et  al.  (1996),  it 
can  be  concluded  that  supplementation  with  vitamin  C  results  in  an 
antioxidant  effect  in  vivo  because  it  significantly  reduces  nitroty¬ 
rosine  and  urinary  isoprostanes. 

However,  with  respect  to  the  effect  of  vitamin  C  on  LDL  oxida¬ 
tion,  the  data  are  inconclusive.  This  could  be  explained  by  the  fact 
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that,  because  vitamin  C  is  water  soluble,  it  does  not  partition  into 
the  LDL  particle.  Also,  it  must  be  pointed  out  that  in  one  of  the  13 
studies  summarized  in  Table  5-1,  there  was  an  increase  in  plasma 
thiobarbituric  acid  reactive  substances  (TBARS),  an  indicator  of 
oxidative  stress,  with  a  500-mg  dose  of  ascorbic  acid  (Nyyssonen  et 
al.,  1997b). 

Adhesion  of  mononuclear  cells  to  endothelium  is  an  early  event 
in  atherogenesis  and  may  be  triggered  by  oxidative  stress.  Smokers 
have  low  levels  of  vitamin  C  and  increased  oxidative  stress.  A  recent 
study  showed  that  monocytes  of  smokers  display  greater  adhesion 
to  endothelial  cells  than  those  of  nonsmokers  (Weber  et  al.,  1996). 
When  supplemented  with  2,000  mg/day  of  vitamin  C,  the  plasma 
ascorbate  level  of  smokers  increased,  and  adhesion  of  their  mono¬ 
cytes  to  endothelium  decreased  to  that  seen  in  nonsmokers. 

Impaired  vascular  function  is  crucial  to  the  clinical  manifestation 
of  atherosclerosis.  As  depicted  in  Table  5-3,  numerous  investigators 
have  reported  a  beneficial  effect  of  high  dose  vitamin  C  administra¬ 
tion,  either  orally  or  intraarterially,  on  vasodilation.  This  beneficial 
effect  of  vitamin  C  is  most  likely  related  to  its  antioxidant  effect. 
Endothelium-derived  relaxing  factor,  nitric  oxide  (NO),  promotes 
vasodilation  but  is  rapidly  inactivated  by  superoxide.  Vitamin  C  im¬ 
proves  endothelial  function  and  vasodilation,  possibly  by  scaveng¬ 
ing  superoxide  radicals,  conserving  intracellular  glutathione,  or  po¬ 
tentiating  intracellular  NO  synthesis.  In  human  endothelial  cells  in 
culture,  extracellular  vitamin  C  at  physiological  concentrations  in¬ 
creased  cellular  NO  synthesis  up  to  threefold,  and  the  increase  in 
NO  synthesis  followed  a  time  course  similar  to  ascorbate  uptake 
into  the  cells  (Heller  et  al.,  1999). 

Antioxidant  Functions  in  Leukocytes 

The  content  of  vitamin  C  in  leukocytes  is  especially  important 
because  the  ROS  generated  during  phagocytosis  and  neutrophil 
activation  are  associated  with  infectious  and  inflammatory  stresses 
(Jariwalla  and  Harakeh,  1996;  Levine  et  al.,  1994).  Along  with  pitu¬ 
itary  and  adrenal  glands  and  eye  lens,  leukocytes  contain  the  highest 
vitamin  C  concentrations  of  all  body  tissues  (Moser,  1987).  Studies 
with  guinea  pigs  and  monkeys  show  that  the  concentration  of  ascor¬ 
bate  in  the  leukocytes  more  accurately  reflects  liver  and  body  pool 
ascorbate  than  does  the  concentration  in  plasma  or  erythrocytes 
(Omaye  et  al.,  1987).  The  vitamin  is  transported  into  leukocytes  by 
an  energy-dependent  transport  system  that  concentrates  the  vitamin 
some  twenty-five-,  forty-,  and  eightyfold  over  plasma  levels  in  neutro- 


104 


DIETARY  REFERENCE  INTAKES 


TABLE  5-1  Effect  of  Vitamin  C  Supplementation  on 
Biomarkers  of  Lipid  Oxidation  in  Humans 


Reference 

Subjects 

Vitamin  C 

Dose"  (mg/d) 

Harats  et  al.,  1990 

17  smokers 

1,000 

1,500 

Belcher  et  al.,  1993 

5  healthy  men 

1,000 

Rifici  and  Khachadurian,  1993 

4  healthy  men  and  women 

1,000 

Cadenas  et  al.,  1996 

21  healthy  men 

1,000 

Fuller  et  al.,  1996 

19  smokers 
(9  placebo) 

1,000 

Mulholland  et  al.,  1996 

16  female  smokers 
(8  placebo) 

1,000 

Reilly  et  al.,  1996 

5  heavy  smokers 

2,000 

Anderson  et  al.,  1997 

48  nonsmokers 
(24  females) 

60 

6,000 

Nyyssonen  et  a!.,  1997b 

59  male  smokers 
(19  placebo) 

500  (P>) 

500  (SR*) 

Samman  et  al.,  1997 

8  male  smokers 

(40) 

1,000 

Wen  et  al.,  1997 

20  non  smokers 
(9  placebo) 

1,000 

Harats  et  al.,  1998 

36  healthy  men 

(50) 

500  (citrus  fruit 
supplement) 

Naidoo  and  Lux,  1998 

9  healthy  men, 

6  healthy  women 

250,  500,  750 
and  1,000 

fl  Amount  given  in  excess  of  variable  amount  consumed  daily  as  part  of  the  diet. 
b  LDL  =  low-density  lipoprotein. 
c  TBARS  =  thiobarbituric  acid  reactive  substances. 

d  LDL  oxidizability  is  measured  by  the  lag  time  and  propagation  rate  of  in  vitro  lipid 
peroxidation. 

e  VLDL  =  very  low-density  lipoprotein. 

/CD  =  conjugated  dienes. 
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Duration 

Plasma  Change 

Findings 

2  wk 

2.0-fold 

i  Plasma  and  LDL*  TBARS  c 

4  wk 

2.3-fold 

i  Plasma  and  LDL  TBARS 

14  d 

Not  reported 

LDL  oxidation  **,  no  change 

10  d 

Not  reported 

1  VLDL*  and  LDL  oxidation  (4  hour  TBARS) 

30  d 

Not  reported 

Urine  TBARS,  no  change 

4  wk 

3.9-fold 

i  LDL  Oxidizability2*  (TBARS,  CD f) 

14  d 

3.0-fold 

Serum  TBARS,  no  change 

5  d 

Not  reported 

18  Urine  8-epi-PGF2a 

,  14  d 

1.2-fold 

Plasma  MDAS/HNE*,  no  change  T  TAC2' 

14  d 

1.8-fold 

Plasma  MDA/ HNE,  no  change  T  TAC 

2  mo 

1.3-fold 

LDL  oxidizability,  no  change 

2  mo 

1.5-fold 

Plasma  T  TBARS  with  P  Vit  C 

No  T  with  SR  Vit  C 

(2  wk) 

(baseline) 

LDL  oxidizability  (CD):  no  change 

2  wk 

2.0-fold 

4  wk 

2.2-fold 

i  Plasma  MDA  (T  erythrocyte  Vit  E 
and  GSH*) ;  no  change  LDL  Vit  E; 
no  change  in  LDL  oxidizability 
(TBARS  and  CD) 

(1  mo) 

(baseline) 

i  LDL  oxidizability  (CD) 

2  mo 

3.8-fold 

2  wk 

1.5-fold  (250) 

i  Plasma  MDA  and  allantoin  with  500,  750 

2.0-fold  (500) 
2.0-fold  (750  and 
1,000) 

and  1,000  mg/d 

g  MDA  = 

malondialdehyde. 

h  HNE  = 

hydroxynonenal. 

2  TAC  =  Total  Antioxidant  Capacity. 


3  P  =  plain. 
k  SR  =  slow  release. 

* GSH  =  reduced  gluthione. 
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TABLE  5-2  Vitamin  C  Intake  and  Biomarkers  of  Gastric 
and  Bladder  Cancer 


Reference 

Subjects 

Vitamin  C 
Dose  (mg/d) 

Leaf  et  al.,  1987 

7  men 

2-1,000 

Young  et  al.,  1990 

18  healthy  men 

1,500 

Dyke  et  al.,  1994a 

43  patients  with  gastritis 

1,000 

Dyke  et  al.,  1994b 

48  patients  with  gastritis 

1,000 

Drake  et  al.,  1996 

82  patients  with  dyspepsia 

None 

Mannick  et  al.,  1996  84  patients  with  Helicobacter  pylon  2,000 

infection 

Satarug  et  al.,  1996  31  healthy  men,  300  with  300  mg/d 

80  men  with  liver  fluke  infection  proline 

a  DNA  =  deoxyribonucleic  acid. 
b  ROS  =  Reactive  Oxygen  Species. 

CRNS  =  Reactive  Nitrogen  Species. 

TABLE  5-3  Vitamin  C  and  Endothelium-Dependent 
Vasodilation  in  Humans 


Reference  Subjects 


Heitzer  et  al.,  1996 

10  chronic  smokers 

10  control  subjects 

Levine  et  al.,  1996 

46  coronary  artery  disease  patients 
(20  placebo) 

Ting  et  al.,  1996 

10  type  II  diabetic  patients 

10  control  subjects 

Motoyama  et  al.,  1997 

20  smokers 

20  control  subjects 

Solzbach  et  al.,  1997 

22  hypertensive  patients 

Ting  et  al.,  1997 

11  hypcrcholesterolemic  patients 

12  healthy  control  subjects 

Hornig  et  al.,  1998 

15  chronic  heart  failure  patients 

8  healthy  control  subjects 

Taddei  et  al.,  1998 

14  hypertensive  patients 

14  healthy  control  subjects 

Timimi  et  al.,  1998 

10  type  I  diabetic  patients 

10  control  subjects 

108 


DIETARY  REFERENCE  INTAKES 


phils,  platelets,  and  lymphocytes,  respectively  (Evans  et  al.,  1982; 
Jacob  et  al.,  1992;  Levine  et  al.,  1996a).  Metabolic  priority  for  main¬ 
tenance  of  intracellular  lymphocyte  ascorbate  levels  was  demonstrat¬ 
ed  by  its  lower  depletion  rates  compared  to  plasma  and  semen  ascor¬ 
bate  levels  during  controlled  vitamin  C  deficiency  (intake  of  5  mg/ 
day)  and  faster  recovery  during  vitamin  repletion  at  60  mg/day 
(Jacob  et  al.,  1992).  Intracellular  ascorbate  recycling  (the  intracellu¬ 
lar  regeneration  of  oxidized  extracellular  ascorbate)  provides  a  cel¬ 
lular  reservoir  of  reducing  capacity  (electrons)  that  can  be  transmit¬ 
ted  both  into  and  across  the  cell  membrane  (May  et  al.,  1999). 

The  high  intracellular  concentration  of  ascorbate  in  leukocytes 
provides  cellular  protection  against  oxidant  damage  associated  with 
the  respiratory  burst.  In  isolated  neutrophils,  ascorbate  recycling  is 
increased  up  to  thirtyfold  upon  exposure  of  the  cells  to  microbial 
pathogens  (Wang  et  al.,  1997b).  Ascorbate  effectively  neutralizes 
phagocyte-derived  oxidants  without  inhibiting  the  bactericidal  activ¬ 
ity  of  the  phagosome  (Anderson  and  Lukey,  1987).  Evidence  that 
ascorbate  modulates  leukocyte  phagocytic  action,  blastogenesis,  im¬ 
munoglobulin  production,  chemotaxis,  and  adhesiveness  has  been 
reported  in  vitro,  although  evidence  for  the  latter  two  functions  has 
been  mixed  (Evans  et  al.,  1982;  Jariwalla  and  Harakeh,  1996). 

Concentrations  of  ascorbate  normally  found  in  plasma  (22  to  85 
pmol/L  [0.4  to  1.7  mg/dL])  were  shown  to  neutralize  hypochlor- 
ous  acid  (HOC1),  one  of  many  powerful  oxidants  generated  by  my¬ 
eloperoxidase  in  activated  neutrophils  and  monocytes  (Halliwell  et 
al.,  1987;  Heinecke,  1997).  This  action  was  hypothesized  to  protect 
OC-l-antiprotease  against  inactivation  by  HOC1  and  thereby  prevent 
proteolytic  damage  at  inflamed  sites  such  as  the  rheumatoid  joint 
(Halliwell  et  al.,  1987).  Indeed,  the  ratio  of  oxidized  to  reduced 
ascorbate  was  found  to  be  increased  in  the  knee  synovial  fluid  of 
active  rheumatoid  arthritis  patients,  which  suggests  that  ascorbate  is 
acting  to  scavenge  phagocyte-derived  oxidants  in  this  locally  in¬ 
flamed  area  (Lunec  and  Blake,  1985).  Similarly,  increased  ascor¬ 
bate  oxidation  in  the  plasma  of  patients  with  adult  respiratory  dis¬ 
tress  syndrome  (Cross  et  al.,  1990)  and  in  smokers  (Lykkesfeldt  et 
al.,  1997)  indicates  protection  against  oxidant  damage  from  activat¬ 
ed  neutrophils  and  other  sources  in  the  lung.  Exposure  of  nine 
apparently  healthy  adults  to  2,000  parts  per  billion  (ppb)  of  ozone, 
an  environmental  pollutant,  for  2  hours  resulted  in  increased  my¬ 
eloperoxidase  and  decreased  ascorbate  concentrations  in  broncho- 
alveolar  lavage  fluid.  These  results  imply  that  ascorbate  protects 
against  inflammatory  oxidative  stress  induced  by  ozone  (Mudway  et 
al.,  1999). 
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Ascorbate  scavenging  of  myeloperoxidase-derived  oxidants  from 
phagocytic  white  cells  may  also  be  protective  against  in  vivo  LDL 
oxidation  because  HOCl-oxidized  proteins  have  been  identified  in 
human  atherosclerotic  lesions  (Hazell  et  al.,  1996).  In  an  in  vitro 
system,  ascorbate  at  a  physiologically  relevant  concentration  of  50 
pmol/L  (0.9  mg/dL)  was  the  most  effective  antioxidant  for  pre¬ 
venting  LDL  oxidation  due  to  myeloperoxidase-derived  RNS  (Byun 
et  ah,  1999). 

Oxidative  Deoxyribonucleic  Acid  and  Chromosome  Damage 
Cellular  Deoxyribonucleic  Acid  (DNA)  Damage 

Table  5-4  summarizes  the  results  of  five  experimental  human  stud¬ 
ies  in  which  cellular  markers  of  DNA  damage  were  measured  after 
various  vitamin  C  intakes.  Three  of  the  studies  varied  vitamin  C 
alone,  while  the  other  two  studies  varied  vitamin  C  and  other  micro¬ 
nutrients. 

Of  the  three  studies  that  varied  only  vitamin  C  intake,  one  showed 
that  60  or  250  mg/day  decreased  sperm  8-hydroxy-7,  S-dihydro^'- 
deoxyguanosine  (8-oxodG),  a  measure  of  oxidative  stress,  but  did 
not  affect  lymphocyte  or  urine  8-oxodG  or  DNA  strand  breaks  (Fra- 
ga  et  ah,  1991).  In  contrast,  the  second  study  showed  no  effect  of 
either  60  or  6,000  mg/day  vitamin  C  on  lymphocyte  DNA  or  chro¬ 
mosome  damage  as  measured  by  comet  assay  (Anderson  et  ah, 
1997) .  The  third  study  showed  both  decreases  and  increases  in  mea¬ 
sures  of  lymphocyte  DNA  oxidative  damage  after  vitamin  C  supple¬ 
mentation  of  500  mg/day  (Podmore  et  ah,  1998).  In  a  subsequent 
report  of  results  from  the  study  of  Podmore  et  al.  (1998),  the  inves¬ 
tigators  hypothesized  that  increases  in  serum  and  urine  8-oxodG 
following  the  decreases  of  lymphocyte  8-oxoguanine  and  8-oxodG 
suggest  a  role  for  vitamin  C  in  the  repair  of  oxidant-damaged  DNA 
(Cooke  et  ah,  1998). 

The  two  studies  that  co-supplemented  with  vitamin  E  and  P-caro- 
tene  (Duthie  et  ah,  1996)  or  iron  (Rehman  et  ah,  1998)  demon¬ 
strated  mixed  results  in  that  both  decreases  and  increases  in  lym¬ 
phocyte  DNA  oxidant  damage  measures.  Since  the  contribution  of 
vitamin  C  alone  to  the  results  of  these  studies  cannot  be  deter¬ 
mined,  these  studies  cannot  be  used  to  estimate  a  vitamin  C  re¬ 
quirement.  Results  of  the  latter  study  involving  supplementation  of 
apparently  healthy  individuals  with  both  vitamin  C  and  iron  are 
discussed  in  the  section  “Tolerable  Upper  Intake  Levels.” 

Inverse  correlations  of  lymphocyte  ascorbate  and  glutathione  con- 
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TABLE  5-4  Vitamin  C  Intake  and  Biomarkers  of  Cellular 
Oxidative  DNA  Damage  in  Humans 


Reference 

Subjects 

Vitamin  C 

Dose  (mg/d) 

Fraga  et  al.,  1991 

10  males 

(250  baseline) " 

5" 

10  or  20" 

60  or  250" 

Duthie  et  al.,  1996 

50  male  smokers 

100 

+280  mg/d  vitamin  E 
+25  mg/d  P-carotene 

50  nonsmokers 

100 

+280  mg/d  vitamin  E 
+25  mg/d  p-carotene 

Anderson  et  al.,  1997 

48  nonsmokers 

60 

(24  females) 

6,000 

Podmore  et  al.,  1998; 

30  healthy  subjects 

500 

Cooke  et  al.,  1998 

(16  females  and 

14  males) 

Rehman  et  al.,  1998 

10  healthy  subjects 

60 

+  14  mg/d  Fe 

10  healthy  subjects 

260 

+  14  mg/d  Fe 

a  Intake  from  controlled  diet;  no  supplemental  doses  given. 

^8-oxodG  =  8-oxo-7,8-dihydro-2’-deoxyguanosine. 

c  HPLC-EC  =  high-performance  liquid  chromatography-electrochemical  detection 
d  DNA  =  deoxyribonucleic  acid. 


centrations  with  oxidized  DNA  bases  in  another  study  of  105  appar¬ 
ently  healthy  adults  suggest  that  these  two  intracellular  antioxidants 
protect  human  lymphocytes  against  oxidative  damage  (Lenton  et 
ah,  1999).  In  sum,  the  results  of  studies  testing  the  effects  of  vitamin 
C  on  cellular  DNA  damage  are  mixed  and  cannot  be  used  for  esti¬ 
mating  the  vitamin  C  requirement. 
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Duration 

Findings 

(7-14  d) 

T  Sperm  8-oxodG*  (HPLC-ECC) 

32  d 

28  d 

t  Sperm  8-oxodG  (HPLC-EC) 

28  d 

i  Sperm  8-oxodG  (HPLC-EC) 

No  changes  in  lymphocyte  8-oxodG  or  DNA^  strand  breaks 

20  wk 

>1  Lymphocyte  DNA  damage  (comet  assay) 

20  wk 

f  Lymphocyte  DNA  damage  (comet  assay) 

14  d 

No  change  in  lymphocyte  DNA  damage 

14  d 

(comet  assay)  or  chromosome  breakage 

6  wk 

i  Lymphocyte  8-oxoguae  and  8-oxodG  (GC-MS/) 

T  Serum  and  urine  8-oxodG  (GC-MS) 

T  Lymphocyte  8-oxoade#  (GC-MS) 

12  wk 

i  Leukocyte  8-oxogua  (GC-MS) 
i  Leukocyte  8-oxoade  (GC-MS) 

12  wk 

•i  Leukocyte  8-oxogua  (GC-MS) 
i  Leukocyte  8-oxoade  (GC-MS) 

T  Leukocyte  5-OH  cytosine  (GC-MS) 

T  Leukocyte  thymine  glycol  (GC-MS) 

T  Total  base  damage  at  6  wk,  no  change  at  12  wk 

e  8-oxogua  =  8-oxoguanine. 

/GG-MS  =  gas  chromatography-mass  spectroscopy. 
g  8-oxoade  =  8-oxoadenine. 

SOURCE:  Adapted  from  Carr  and  Frei  (1999). 


Urinary  Markers  of  DNA  Damage 

Urinary  excretion  of  DNA  oxidant  damage  products,  which  is 
thought  to  represent  the  balance  of  total  body  DNA  damage  and 
repair  has  been  measured  in  the  studies  shown  in  Table  5-5.  This  is 
a  nonspecific  measure  used  to  assess  changes  due  to  micronutrient 
status.  Except  for  the  study  by  Cooke  et  al.  (1998),  no  relationships 
between  vitamin  C  intake  and  urinary  markers  of  DNA  damage  were 


112 


DIETARY  REFERENCE  INTAKES 


TABLE  5-5  Vitamin  C  Intake  and  Urinary  Excretion  of 
Oxidative  DNA  Damage  Products  in  Humans 


Reference 

Subjects 

Vitamin  C  Dose  (mg/d) 

Fraga  et  al.,  1991 

10  males 

(250  baseline) " 

5" 

10-20" 

60-250" 

Loft  et  al.,  1992 

83  subjects 

nd 

5.9  mg/d  vitamin  E^ 

1.1  mg/d  vitamin  A^ 

Witt  et  al.,  1992 

11  subjects 

1000 

+533  mg/d  vitamin  E 
+  10  mg/d  P-carotene 

Prieme  et  al.,  1997 

18  male  smokers 

500 

20  male  smokers 

500  (SR0 

Cooke  et  al.,  1998 

14  males 

16  females 

500 

a  Intake  from  controlled  diet;  no  supplemental  doses  given. 
b  8-oxodG  =  8-oxo-7,8  dihydro-2'-deoxyguanosine. 

^HPLC-EC  =  high-performance  liquid  chromatography-electrochemical  detection. 
d  Intake  estimated  from  diet  records;  no  supplemental  doses  given. 


found.  Thus,  urinary  markers  of  DNA  damage  cannot  be  used  to 
determine  vitamin  C  requirements. 

Ex  Vivo  Damage 

The  five  studies  in  Table  5-6  measured  DNA  and  chromosome 
damage  ex  vivo  after  supplementing  the  subjects  with  vitamin  G. 
Single  large  doses  of  vitamin  C  (1  g/day  or  more)  provided  protec¬ 
tion  against  lymphocyte  DNA  strand  break  damage  induced  ex  vivo 
by  radiation  or  hydrogen  peroxide  (H202)  as  measured  by  the  com¬ 
et  assay  (Green  et  al.,  1994;  Panayiotidis  and  Collins,  1997).  In  con¬ 
trast,  Crott  and  Fenech  (1999)  reported  that  a  single  2-g  dose  of 
vitamin  C  neither  caused  DNA  damage  nor  protected  cells  against 
hydrogen  peroxide-induced  toxicity.  The  two  other  studies  mea¬ 
sured  DNA  chromosome  damage  after  treatment  of  lymphocytes 
with  bleomycin,  a  test  for  genetic  instability.  Following  vitamin  C 
supplementation  for  two  weeks,  Pohl  and  Reidy  (1989)  found  de- 
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Duration  Findings 


(7-14  d) 

Urine  8-oxoG^:  no  changes  (HPLC-EC^ 

32  d 

28  d 

28  d 

2  wk 

Urine  8-oxodG:  not  correlated  (HPLC-EC) 

1  mo 

Urine  8-oxoG:  no  changes  (HPLC-EC) 

2  mo 

Urine  8-oxodG:  no  changes  (HPLC-EC) 

2  mo 

Urine  8-oxodG:  no  changes  (HPLC-EC) 

6  wk 

t  Urine  8-oxodG  (GC-MS f) 

e  SR  =  slow  release. 

/ GC-MS  =  gas  chromatography-mass  spectroscopy. 
SOURCE:  Adapted  from  Carr  and  Frei  (1999). 


creased  chromosome  breaks  and  Anderson  et  al.  (1997)  reported 
no  effects  on  DNA  damage  but  increased  chromosome  aberrations. 
Since  the  findings  of  these  studies  were  inconsistent,  ex  vivo  dam¬ 
age  cannot  be  used  to  estimate  a  vitamin  C  requirement. 

Cancer  Biomarkers 

Effects  of  vitamin  C  intakes  on  surrogate  markers  and  biomarkers 
of  colorectal,  gastric,  and  bladder  cancer  are  shown  in  Table  5-2 
and  Table  5-7.  Of  six  studies  of  patients  with  precancerous  colon 
polyps,  vitamin  C  treatment  for  1  month  to  3  years  demonstrated 
variable  results  with  regard  to  effect  on  polyp  growth  and  cell  prolif¬ 
eration  (Table  5-7). 

Biomarkers  of  gastric  cancer  after  vitamin  C  treatment  of  patients 
with  the  precancerous  conditions,  gastritis,  or  Helicobacter  pylori  in¬ 
fections  were  measured  in  four  studies  (Table  5-2).  Three  studies 
showed  positive  results  of  vitamin  C  supplementation  in  vivo:  Man- 
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TABLE  5-6  Vitamin  C  Intake  and  Ex 
Oxidative  DNA  Damage  in  Humans 

Vivo  Measures  of 

Reference 

Subjects 

Vitamin  C  Dose  (mg/d) 

Pohl  and  Reidy,  1989 

8  subjects 

0 

100 

1,000 

Green  et  al.,  1994 

5  non  smokers 

1  smoker 

2,400 

Anderson  et  al.,  1997 

48  nonsmokers 
(24  females) 

60  or  6,000 

Panayiotidis  and 

Collins,  1997 

6  nonsmokers 

6  smokers 

1 ,000  or  3,000 

Crott  and  Fenech,  1999 

11  male  nonsmokers 

2,000 

a  DNA  =  deoxyribonucleic  acid. 

^  H2O2  =  hydrogen  peroxide. 

cCBMN  =  cytokinesis-block  micronucleus. 

SOURCE:  Adapted  from  Carr  and  Frei  (1999). 

TABLE  5-7  Vitamin  C  Intake  and  Colorectal  Polyps 

Reference 

Subjects 

Vitamin  C  Dose  (mg/d) 

DeCosse  et  al.,  1975 

5  patients  with 
familial  polyps 

3,000 

Bussey  et  al.,  1982 

36  patients  with 
colon  polyps 

3,000 

McKeown-Eyssen 
et  al.,  1988 

137  patients  with 
colon  polyps 

400  +  400  mg/d  vitamin  E 

Cahill  et  al.,  1993 

40  patients  with 
colon  polyps, 

20  normal  subjects 

750 

Greenberg  et  al.,  1994 

380  patients  with 
diagnosed  colon 
adenomas 

1,000  +  400  mg  vitamin  E  or 

1,000  +  400  mg  vitamin  E  + 

25  mg  [3-carotene 

Hofstad  et  al.,  1998 

116  patients  with 
colon  polyps 

150  +  75  mg  vitamin  E  + 

15  mg  {3-carotene  + 

101  pg  Se  +  1 .6  g  Ca 
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Duration 

Findings 

2  wk 

2  wk 

2  wk 

i  Lymphocyte  chromosome  breaks  after  bleomycin  treatment, 
average  breaks  per  cell: 

0.289 

0.208 

0.184 

Single  dose 

X  Lymphocyte  DNAa  strand  breaks  in  unirradiated  and 
irradiated  blood  (comet  assay) 

2  wk 

No  effect  on  DNA  damage  (comet  assay) 
t  Chromosome  aberrations  after  bleomycin  treatment 

Single  dose 

X  Lymphocyte  DNA  strand  breaks  in  both  groups  after 
ex  vivo  H2O26  oxidant  stress  (comet  assay) 

Single  dose 

No  effect  on  DNA  damage  (CBMNC  assay) 

4-13  mo  Complete  polyp  regression  in  two  patients,  partial  regression 

in  two,  and  increased  polyps  in  one 

2  y  X  Polyp  area 


2  y  Nonsignificant  in  X  polyp  recurrence 

1  mo  X  Total  colonic  crypt  cell  proliferation 


4  y  No  change  in  incidence  of  adenomas,  polyp  frequency,  or  size 


3  y  X  Number  of  new  adenomas.  No  effect  on  growth  of  existing 

polyps 
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nick  et  al.  (1996)  reported  decreased  gastric  mucosal  nitrotyrosine 
(a  measure  of  RNS  activity);  Dyke  et  al.  (1994a)  reported  decreased 
mucosal  DNA  damage  in  one  group  of  gastric  cancer  patients  and 
subsequently  found  increased  mucosal  O^-alkyltransferase,  a  DNA 
repair  enzyme  in  a  second  group  of  patients  with  gastric  cancer 
(Dyke  et  al.  1994b).  Leaf  et  al.  (1987)  found  decreased  nitrosation 
in  men  after  vitamin  C  supplementation.  Drake  et  al.  (1996)  used 
electron  paramagnetic  resonance  to  demonstrate  the  presence  of 
the  ascorbyl  radical  in  82  unsupplemented  patients  with  dyspepsia 
and  showed  that  ascorbyl  radical  concentrations  correlated  with 
ROS  activity.  Gastric  muscosal  concentrations  of  ascorbyl  radical, 
ROS,  and  malondialdehyde  (a  measure  of  lipid  peroxidation)  were 
higher  in  patients  with  gastritis  and  Helicobacter  pylori  infections  com¬ 
pared  to  patients  with  normal  mucosal  histology.  Young  et  al.  (1990) 
found  decreased  p-glucuronidase  activity  (linked  to  bladder  can¬ 
cer)  after  in  vivo  supplementation  of  apparently  healthy  men  with 
1,500  mg/day  of  vitamin  C  for  1  week. 

Summary 

For  the  three  studies  shown  in  Table  5-4  in  which  only  vitamin  C 
intake  was  varied,  some  markers  of  cellular  DNA  damage  showed 
no  change  with  increased  vitamin  C  intake,  two  markers  decreased, 
and  one  increased.  Urinary  measures  of  oxidized  DNA  products 
showed  no  change  attributable  to  vitamin  C  intake  (Table  5-5).  Two 
of  three  studies  of  ex  vivo  DNA  damage  showed  a  benefit  of  vitamin 
C  supplementation  (Table  5-6);  however,  the  relation  of  these  re¬ 
sults  to  the  in  vivo  situation  is  uncertain.  Studies  of  surrogate  mark¬ 
ers  and  biomarkers  in  precancerous  colonic  and  gastric  patients 
show  beneficial  or  no  effects  of  vitamin  C  supplementation.  Howev¬ 
er,  the  interpretation  of  these  endpoints  and  the  relevance  of  the 
results  to  apparently  healthy  individuals  are  questionable.  The  study 
of  dyspepsia  patients  indicates  that  vitamin  C  acts  as  an  antioxidant 
in  the  gastric  mucosa  and  prevents  oxidative  damage  by  scavenging 
ROS  (Drake  et  al.,  1996).  This  is  consistent  with  previous  findings 
that  substantial  amounts  of  ascorbic  acid  are  secreted  into  the  di¬ 
gestive  tract  (Dabrowski,  1990;  Waring  et  al.,  1996)  and  that  vitamin 
C  supplementation  decreases  gastric  mucosal  DNA  adduct  forma¬ 
tion  (Dyke  et  al.,  1994a). 

Overall,  the  results  do  not  provide  compelling  evidence  that  vita¬ 
min  C  intakes  of  60  to  6,000  mg/day  reduce  in  vivo  DNA  oxidative 
damage  in  apparently  healthy  individuals.  Hence,  present  data  can- 
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not  be  used  to  estimate  a  vitamin  C  requirement  using  the  end¬ 
point  of  reduction  of  oxidative  damage  to  DNA  and  chromosomes. 

Immune  Function 

As  summarized  in  Table  5-8,  vitamin  C  has  been  shown  to  affect 
various  components  of  the  human  immune  response,  including  an¬ 
timicrobial  and  natural  killer  cell  activities,  lymphocyte  prolifera¬ 
tion,  chemotaxis,  and  delayed  dermal  sensitivity  (DDS) .  Except  for 
the  metabolic  unit  study  of  Jacob  et  al.  (1991)  and  the  study  of 
patients  with  furunculosis  (Levy  et  al.,  1996),  the  studies  involved 
apparently  healthy  free-living  populations  supplemented  with  from 
200  mg/day  to  6  g/day  of  vitamin  C  in  addition  to  dietary  vitamin 
intake.  Hence,  the  results  relate  largely  to  the  pharmacological 
range  of  vitamin  C  intakes  rather  than  the  nutritional  range  of  in¬ 
takes  usually  provided  from  food  alone. 

As  seen  from  analysis  of  Table  5-8,  vitamin  C  supplementation 
resulted  about  equally  in  improved  or  little  change  in  frequently 
used  measures  of  immune  function:  lymphocyte  proliferation, 
chemotaxis,  and  DDS  response.  The  decrease  in  DDS  during  vita¬ 
min  C  depletion  of  men  in  a  metabolic  unit  cannot  be  ascribed 
solely  to  changes  in  ascorbate  status  because  the  DDS  did  not  in¬ 
crease  again  upon  repletion  for  4  weeks  with  60  to  250  mg/day  of 
the  vitamin  (Jacob  et  al.,  1991).  The  only  negative  effect  of  intakes 
in  the  range  of  600  to  10,000  mg/day  was  the  decrease  in  ex  vivo 
bactericidal  activity  found  after  apparently  healthy  men  received 
2,000  (but  not  200)  mg/day  of  the  vitamin  for  4  weeks  (Shilotri  and 
Bhat,  1977). 

Few  controlled  studies  of  the  effect  of  vitamin  C  intake  on  infec¬ 
tious  episodes  in  humans  have  been  reported,  except  for  studies  of 
the  common  cold  (covered  later  under  “Common  Cold”  in  the  section 
“Relationship  of  Vitamin  C  Intake  to  Chronic  Disease”).  Peters  et 
al.  (1993)  reported  a  significantly  decreased  incidence  of  post-race 
upper  respiratory  infections  in  marathon  runners  receiving  600  mg/ 
day  of  vitamin  C  compared  to  control  runners  taking  a  placebo. 

Results  from  some  studies  show  improvement  in  indices  of  im¬ 
mune  function  due  to  increased  vitamin  C  intake,  whereas  other 
studies  show  no  effect.  The  lack  of  effect  may  be  due  to  the  use  of 
subject  populations  whose  baseline  vitamin  C  status  is  already  ade¬ 
quate,  because  leukocytes  saturate  with  vitamin  C  at  a  lower  intake 
than  is  required  to  saturate  plasma,  about  100  mg/day  (Levine  et 
al.,  1996a).  Nevertheless,  the  existing  data  do  not  provide  convinc¬ 
ing  evidence  that  supplemental  vitamin  C  has  a  significant  effect  on 
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TABLE  5-8  Vitamin  C  Intake  and  Measures  of  Immune 
Function  in  Humans 


Reference 

Subjects 

Vitamin  C  Dose  (mg/d) 

Shilotri  and  Bhat,  1977 

5  healthy  men,  aged 

23-28  y 

200  2,000 

Ludvigsson  et  ah,  1979 

24  healthy  women 

1 ,000-4,000 

Anderson  et  ah,  1980 

5  healthy  adults 

1,000-3,000 

Panush  et  ah,  1982 

28  healthy  young  adults 

1,000-10,000 

Kennes  et  ah,  1988 

Elderly  adults,  aged  >70  y 

500  IMr 

Delafuente  et  ah,  1986 

15  elderly  adults  without 
acute  illness 

2,000 

Vogel  et  ah,  1986 

9  healthy  men  and  2  healthy 
women,  aged  22-28  y 

1,500  ! 

Jacob  et  ah,  1991 

8  healthy  men,  aged 

25-43  y 

5-20 

60-250 

Johnston,  1991 

14  healthy  women  and  men 

1,500 

Johnston  et  ah,  1992 

10  adults 

2,000 

Peters  et  ah,  1993 

46  runners  and  46  control 
subjects 

600 

Levy  et  ah,  1996 

23  patients  with 
furunculosis  (boils) 

1,000 

a  PMN  =  polymorphonuclear  leukocytes. 
*  DDS  =  delayed  dermal  sensitivity. 
c  IM  =  intramuscular. 


immune  functions  in  humans.  Therefore,  data  from  currently  avail¬ 
able  immune  function  studies  cannot  be  used  to  estimate  the  vita¬ 
min  C  requirement. 


Other  Indicators 


Collagen  Metabolism 

Ascorbic  acid  is  required  along  with  iron  as  a  cofactor  for  the 
post-translational  hydroxylation  of  proline  and  lysine  to  effect  cross- 
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Duration  Findings 

2  wk  No  change  in  bactericidal  activity  of  leukocytes  measured  ex  vivo 

2  wk  i  Ex  vivo  bactericidal  activity  of  leukocytes 

5  wk  No  change  in  leukocyte  ascorbate  concentration  or  function 

1-3  wk  t  Mitogen-stimulated  in  vitro  lymphocyte  proliferation  and  PMNa 

chemotaxis.  No  change  in  other  cellular  or  humoral  immune 
functions 

1  wk  t  Mitogen-stimulated  in  vitro  lymphocyte  proliferation  and  DDS* 

response  to  skin  antigens 

1  mo  t  Mitogen-stimulated  in  vitro  lymphocyte  proliferation  and  DDS 

response.  No  changes  in  serum  immunoglobulins 

3  wk  No  change  in  mitogen-stimulated  in  vitro  lymphocyte  proliferation 

or  DDS  response 

90  d  No  change  in  PMN  chemotaxis  or  response  to  experimental 

gingivitis 

60  d  No  changes  in  in  vitro  mitogen-stimulated  lymphocyte  proliferation 

4  wk  X  In  DDS  response  with  vitamin  C  intakes  of  5-20  mg/ d 

4  wk  No  change  in  plasma  complement  Clq 

2  wk  No  effect  on  PMN  chemotaxis 

X  Blood  histamine 

21  d  X  Incidence  and  severity  of  upper-respiratory-tract  infections 

4-6  wk  Improvement  in  PMN  functions  and  clinical  response  in  patients 

with  low  baseline  PMN  functions 


linking  of  mature  collagen  (Englard  and  Seifter,  1986).  Lack  of  this 
function  due  to  ascorbate  deficiency  results  in  defective  collagen 
formation  and  the  physical  symptoms  of  scurvy.  However,  serum  or 
urinary  levels  of  proline  or  lysine,  their  hydroxylated  forms,  or  oth¬ 
er  measures  of  collagen  metabolism  have  not  been  shown  to  be 
reliable  markers  of  ascorbate  status  (Hevia  et  al.,  1990).  Therefore, 
despite  the  important  role  of  the  vitamin  in  collagen  formation,  no 
collagen-related  measures  are  available  to  use  as  a  functional  indi¬ 
cator  for  the  dietary  vitamin  C  requirement. 
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Carnitine  Biosynthesis 

Ascorbate  is  required  along  with  iron  at  two  steps  in  the  pathway 
of  carnitine  biosynthesis  in  reactions  similar  to  the  hydroxylation  of 
proline  during  collagen  formation.  Muscle  carnitine  is  significantly 
depleted  in  scorbutic  guinea  pigs,  suggesting  that  loss  of  energy 
derived  from  carnitine-related  |3-oxidation  of  fatty  acids  may  explain 
the  fatigue  and  muscle  weakness  observed  in  human  scurvy  (Jacob 
and  Pianalto,  1997;  Rebouche,  1995).  However,  neither  guinea  pig 
nor  human  studies  show  a  consistent  relationship  between  vitamin 
C  status  and  carnitine  levels  (Davies  et  al.,  1987;  Jacob  and  Pianalto, 
1997;  Johnston  et  al.,  1996).  Although  vitamin  C  deficiency  appears 
to  alter  carnitine  metabolism,  the  specific  interactions  and  their 
relevance  to  functional  carnitine  status  in  humans  are  unclear. 
Therefore,  measures  of  carnitine  status  cannot  be  used  as  an  indica¬ 
tor  for  estimating  the  vitamin  C  dietary  requirement. 

Periodontal  Health 

The  gingival  and  dental  pathology  that  accompanies  scurvy  has 
prompted  numerous  investigations  of  the  relationship  between  as¬ 
corbic  acid  and  periodontal  health.  Epidemiological  studies  have 
failed  to  demonstrate  an  association  between  vitamin  C  intake  and 
periodontal  disease  (Alvares,  1997;  Russell,  1967).  Controlled  ex¬ 
perimental  studies  of  patients  with  gingivitis  and  apparently  healthy 
adults  with  vitamin  C  intakes  of  5  to  1,500  mg/day  have  shown 
mixed  results  with  regard  to  the  influence  of  vitamin  C  status  on 
periodontal  integrity  (Leggott  et  al.,  1986,  1991;  Vogel  et  al.,  1986; 
Woolfe  et  al.,  1984).  Other  studies,  with  animals  and  humans,  have 
shown  that  vitamin  C  intake  can  affect  the  structural  integrity  of 
gingival  tissue,  including  permeability  of  the  gingival  sulcular  epi¬ 
thelium  (Alvares,  1997). 

Overall,  while  evidence  suggests  that  vitamin  C  deficiency  is  linked 
to  some  aspects  of  periodontal  disease,  the  relationship  of  vitamin 
C  intake  to  periodontal  health  in  the  population  at  large  is  unclear. 
Beyond  the  amount  needed  to  prevent  scorbutic  gingivitis  (less  than 
10  mg/day)  (Baker  et  al.,  1971),  the  results  from  current  studies 
are  not  sufficient  to  reliably  estimate  the  vitamin  C  requirement  for 
apparently  healthy  individuals  based  on  oral  health  endpoints. 
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Relationship  of  Vitamin  C  Intake  to  Chronic  Disease 
Cardiovascular  Disease 

As  suggested  earlier,  there  is  reason  to  expect  that  the  antioxi¬ 
dant  vitamins  should  decrease  the  risk  of  cardiovascular  disease 
(Gey,  1995;  Jha  et  al.,  1995;  Simon,  1992).  Several  studies  have  con¬ 
sidered  the  association  between  vitamin  C  concentrations  in  blood 
and  the  risk  of  cardiovascular  disease.  Singh  et  al.  (1995)  found 
that  the  risk  of  coronary  artery  disease  was  approximately  two  times 
less  among  the  top  compared  to  the  bottom  quintile  of  plasma  vita¬ 
min  C  concentrations  in  Indian  subjects.  A  prospective  study  of 
1,605  Finnish  men  showed  that  those  with  increased  plasma  vitamin 
C  (greater  than  11.4  pmol/L  [0.2  mg/dL])  had  a  60  percent  de¬ 
creased  risk  of  coronary  heart  disease  (Nyyssonen  et  al.,  1997a). 
The  Basel  Prospective  Study  of  2,974  Swiss  men  reported  that  plas¬ 
ma  vitamin  C  concentrations  greater  than  23  pmol/L  (0.4  mg/ dL) 
were  associated  with  nonsignificant  reductions  in  the  risk  of  coro¬ 
nary  artery  disease  (Eichholzer  et  al.,  1992)  and  stroke  (Gey  et  al., 
1993).  In  a  20-year  follow-up  of  730  elderly  adults  in  Britain,  plasma 
vitamin  C  concentrations  greater  than  28  pmol/L  (0.5  mg/dL)  were 
associated  with  a  30  percent  decreased  risk  of  death  from  stroke 
compared  with  concentrations  less  than  12  pm°l/L  (0.2  mg/dL) 
(Gale  et  al.,  1995).  In  a  similar  study,  cross-sectional  in  design,  in 
6,624  men  and  women  in  the  Second  National  Health  and  Nutri¬ 
tion  Examination  Survey,  the  relative  risk  of  coronary  heart  disease 
and  stroke  was  decreased  about  26  percent  with  serum  vitamin  C 
concentrations  of  63  to  153  pmol/L  (1.1  to  2.7  mg/dL)  compared 
with  concentrations  of  6  to  23  pmol/L  (0.1  to  0.4  mg/dL)  (Simon 
et  al.,  1998). 

In  addition,  several  prospective  cohort  studies  have  shown  that 
vitamin  C  intakes  between  45  and  at  least  113  mg/day  are  associat¬ 
ed  with  reduced  risk  of  cardiovascular  disease  (Gale  et  al.,  1995; 
Knekt  et  al.,  1994;  Pandey  et  al.,  1995).  Gale  et  al.  (1995)  reported 
that  in  730  elderly  British  men  and  women,  vitamin  C  intakes 
greater  than  45  mg/day  were  associated  with  a  50  percent  lower 
risk  of  stroke  than  were  intakes  less  than  28  mg/day.  There  was  a 
nonsignificant  20  percent  decrease  in  the  risk  of  coronary  artery 
disease  in  this  study.  Knekt  et  al.  (1994)  studied  more  than  5,000 
Finnish  men  and  women  and  found  that  women  consuming  more 
than  91  mg/day  vitamin  G  had  a  lower  risk  of  coronary  artery  dis¬ 
ease  than  those  consuming  less  than  61  mg/day.  However,  a  simi¬ 
lar  association  was  not  found  in  the  men.  In  the  Western  Electric 
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study  in  Chicago,  a  cohort  of  1,556  middle-aged  men  consuming 
greater  than  113  mg/day  of  vitamin  C  had  a  25  percent  lower  risk 
of  coronary  artery  disease  than  those  consuming  less  than  82  mg/ 
day  (Pandey  et  al.,  1995). 

Other  prospective  studies  have  looked  at  higher  levels  of  vitamin 
C  intake  and  have  reported  similar  findings.  The  First  National 
Health  and  Nutrition  Examination  Survey  Epidemiologic  Follow-up 
Study  cohort  of  more  than  11,000  adults  showed  a  reduction  in 
cardiovascular  disease  of  45  percent  in  men  and  25  percent  in  wom¬ 
en  whose  vitamin  C  intakes  were  approximately  300  mg/day  from 
food  and  supplements  (Enstrom  et  al.,  1992).  Sahyoun  et  al.  (1996) 
studied  725  elderly  Massachusetts  adults  and  reported  a  62  percent 
lower  risk  of  cardiovascular  disease  in  those  whose  vitamin  C  in¬ 
takes  were  more  than  388  mg/day  compared  to  those  whose  intakes 
were  less  than  90  mg/day.  Kritchevsky  et  al.  (1995)  reported  a  neg¬ 
ative  association  between  vitamin  C  intake  and  carotid  artery  wall 
thickness  in  men  and  women  more  than  55  years  of  age  in  the 
Atherosclerosis  Risk  in  Communities  Study.  Women  consuming 
more  than  728  mg/ day  and  men  consuming  at  least  982  mg/ day  of 
vitamin  C  had  decreased  intima  thickness  compared  to  women  with 
intakes  of  less  than  64  mg/day  and  men  with  intakes  of  less  than  56 
mg/day  vitamin  C. 

In  contrast  to  the  above  studies,  several  studies  have  reported  no 
association  between  vitamin  C  intake  and  risk  of  cardiovascular  dis¬ 
ease.  In  a  cohort  composed  of  3,119  residents  of  Alameda  County, 
California,  vitamin  C  intakes  were  not  associated  with  a  reduction 
in  risk  for  cardiovascular  disease  (Enstrom  et  al.,  1986).  In  the  Es¬ 
tablished  Populations  for  Epidemiologic  Studies  of  the  Elderly  with 
more  than  11,000  adults  65  years  of  age  and  older  (Losonczy  et  al., 
1996)  and  in  the  Iowa  Women’s  Heath  Study  of  34,486  postmeno¬ 
pausal  women  (Kushi  et  al.,  1996b),  vitamin  C  intake  was  not  associ¬ 
ated  with  an  alteration  in  risk  of  coronary  heart  disease  mortality  in 
these  older  age  groups.  Similarly,  the  U.S.  Health  Professionals  Fol¬ 
low-up  Study  of  nearly  40,000  male  health  professionals  found  that 
increased  intakes  of  vitamin  C  (ranging  from  92  to  1,162  mg/day) 
were  not  associated  with  a  lower  risk  of  coronary  heart  disease 
(Rimm  et  al.,  1993). 

Although  many  of  the  above  studies  suggest  a  protective  effect  of 
vitamin  C  against  cardiovascular  disease,  the  data  are  not  consistent 
or  specific  enough  to  estimate  a  vitamin  C  requirement  based  on 
any  of  these  specific  biomarkers  for  cardiovascular  disease. 
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Cancer 

As  a  possible  protectant  against  cancer,  vitamin  C  has  engendered 
a  great  deal  of  interest.  Block  (1991)  has  reported  that  the  epidemi¬ 
ologic  evidence  is  strongly  suggestive  of  a  protective  effect,  especial¬ 
ly  for  the  non-hormone-dependent  cancers.  However,  Ames  et  al. 
(1995)  have  cautioned  that  the  evidence  to  date  of  a  protective 
effect  for  any  of  the  antioxidants  is  far  from  complete.  Available 
studies  assessing  the  role  of  vitamin  C  in  specific  cancers  by  site  are 
evaluated  in  the  following  section. 

Breast  Cancer \  A  combined  meta-analysis,  based  upon  data  from 
12  case-control  studies,  found  vitamin  C  to  be  the  micronutrient 
most  strongly  associated  with  breast  cancer  risk  (Howe  et  al.,  1990). 
According  to  Howe  and  colleagues’s  statistical  analyses,  each  300- 
mg  increase  in  vitamin  C  intake  was  associated  with  a  37  percent 
decrease  in  the  risk  of  postmenopausal,  but  not  premenopausal, 
breast  cancer.  The  Iowa  Women’s  Health  Study  (Kushi  et  al.,  1996a) 
found  a  20  percent  decrease  in  breast  cancer  risk  with  greater  than 
500  mg/ day  of  vitamin  C  intake  from  supplements;  in  contrast,  the 
Nurses  Health  Study,  which  used  the  same  dietary  assessment  in¬ 
strument,  found  no  decreased  risk  of  breast  cancer  at  intakes  great¬ 
er  than  359  mg/day  (Hunter  et  al.,  1993).  Similarly,  a  Finnish  co¬ 
hort  study  (Jarvinen  et  al.,  1997)  of  4,697  women  aged  15  years  and 
older  and  the  New  York  State  Cohort  Study  (Graham  et  al.,  1992)  of 
more  than  18,000  postmenopausal  women  with  vitamin  C  intakes 
up  to  498  mg/ day  found  no  association  between  vitamin  C  intake 
and  breast  cancer  risk. 

Cervical  Cancer.  In  a  case-control  study,  Wassertheil-Smoller  et 
al.  (1981)  found  high  plasma  vitamin  C  concentrations  to  be  associ¬ 
ated  with  decreased  cervical  cancer  risk.  Similarly  Romney  et  al. 
(1985)  reported  a  case-control  study  showing  a  negative  association 
between  increasing  plasma  vitamin  C  concentrations  and  cervical 
dysplasia. 

Colorectal  Cancer.  In  a  large  case-control  study,  Freudenheim  et 
al.  (1990)  reported  that  increased  intakes  of  vitamin  C  from  food 
and  supplements  were  associated  with  decreased  risk  of  rectal  can¬ 
cer.  In  contrast,  the  Iowa  Women’s  Cohort  Study  found  no  associa¬ 
tion  between  vitamin  C  intake  and  colon  cancer  risk  at  intakes  from 
food  and  supplements  of  approximately  300  mg/day  vitamin  C  (Bo¬ 
stick  et  al.,  1993).  However,  in  the  women  consuming  more  than  60 
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mg/day  vitamin  C  from  supplements  compared  with  no  supple¬ 
ments,  the  risk  was  decreased  by  30  percent. 

Pancreatic  Cancer.  Two  separate  case-control  studies  in  Poland 
(Zatonski  etal.,  1991)  and  in  Canada  (Ghadirian  etal.,  1991)  found 
that  an  elevated  intake  of  vitamin  C  was  associated  with  a  decreased 
risk  of  pancreatic  cancer.  A  study  in  the  Netherlands,  using  a  simi¬ 
lar  design,  found  a  protective  effect  of  vitamin  C  on  pancreatic 
cancer  in  women  but  not  in  men  (Bueno  de  Mesquita  et  ah,  1991). 
A  collaborative  pooling  of  these  and  other  case-control  studies  in 
1992  found  evidence  overall  of  an  inverse  relationship  between  vita¬ 
min  C  and  pancreatic  cancer  (Howe  et  ah,  1992). 

Lung  Cancer.  Several  studies  have  considered  whether  vitamin  C 
might  be  protective  against  lung  cancer.  The  results  of  two  large 
case-control  studies  in  Hawaii  found  no  association  between  dietary 
vitamin  C  intake  and  lung  cancer  (Hinds  et  ah,  1984;  Le  Marchand 
et  ah,  1989).  In  contrast,  Fontham  et  al.  (1988)  reported  that  vita¬ 
min  C  intake  of  approximately  140  mg/day  was  associated  with  pro¬ 
tection  for  lung  cancer  among  men  and  women  in  Louisiana  who 
were  non-  or  light  smokers.  Similarly,  data  from  the  First  National 
Health  and  Nutrition  Examination  Survey  Epidemiologic  Follow-up 
Study  of  more  than  10,000  men  and  women  indicated  that  dietary 
vitamin  C  intakes  greater  than  133  mg/day  were  inversely  associat¬ 
ed  with  lung  cancer  risk  (Yong  et  ah,  1997).  There  was  no  addition¬ 
al  protective  effect  of  vitamin  C  supplements.  This  association  be¬ 
tween  vitamin  C  intake  and  risk  of  lung  cancer  was  weaker  but  still 
in  a  protective  direction  in  several  studies:  a  Finnish  cohort  study  of 
4,538  men  (Knekt  et  ah,  1991);  a  Dutch  cohort  study  of  561  men 
(Ocke  et  ah,  1997);  a  United  States  prospective  study  of  3,102  men 
(Shekelle  et  ah,  1981);  and  the  New  York  State  Cohort  Study  of 
27,544  men  (Bandera  et  ah,  1997). 

Gastric  Cancer.  Epidemiological  and  experimental  evidence  has 
suggested  that  vitamin  C  may  protect  against  the  development  of 
gastric  cancer  by  inhibiting  formation  of  carcinogenic  N-nitroso 
compounds  or  by  scavenging  ROS/RNS  in  the  gastric  mucosa 
(Fontham,  1994;  Mirvish,  1994;  O’Toole  and  Lombard,  1996).  As 
noted  earlier  and  summarized  in  Table  5-2,  several  experimental 
studies  have  linked  increased  vitamin  C  status  to  decreased  ROS/ 
RNS  activity  and  oxidant  damage  products  in  the  gastric  mucosa  of 
patients  with  gastritis  and  Helicobacter  pylori  infection  (Drake  et  al., 
1996;  Dyke  et  al.,  1994a;  Mannick  et  ah,  1996).  Gastric  juice  ascor¬ 
bate  concentrations  of  patients  with  H.  pylori  infection  and  chronic 
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gastritis,  risk  factors  for  gastric  cancer,  are  low  compared  to  those  of 
apparently  healthy  individuals  and  are  increased  by  eradication  of 
the  H.  pylori  infection  or  by  vitamin  C  supplementation  (Rokkas  et 
ak,  1995;  Waring  et  al.,  1996).  However,  H.  pylori  infection  and  ac¬ 
companying  inflammation  do  not  alter  vitamin  C  levels  or  antioxi¬ 
dant  potential  in  the  gastroduodenal  mucosa  (Phull  et  ak,  1999). 
Despite  the  epidemiological  associations  and  the  evidence  that  gas¬ 
tric  juice  vitamin  C  is  protective  against  nitrosation  and  oxidant 
damage,  the  two  vitamin  C  supplementation  studies  conducted  to 
date  have  not  shown  a  subsequent  decrease  in  gastric  cancer  inci¬ 
dence  (Blot  et  ak,  1993;  O’Toole  and  Lombard,  1996). 

Although  many  of  the  above  studies  suggest  a  protective  effect  of 
vitamin  C  against  specific  cancers  by  site,  the  data  are  not  consistent 
or  specific  enough  to  estimate  a  vitamin  C  requirement  based  on 
cancer. 

Cataract 

Ocular  tissue  concentrates  vitamin  C,  which  might  suggest,  teleo¬ 
logically,  that  the  tissue  needs  this  vitamin  (Rose  et  ak,  1998).  It  is 
reasonable  to  expect,  therefore,  that  oxidative  damage  to  ocular 
tissue  is  an  important  source  of  degenerative  eye  disease  and  that 
supplementation  by  vitamin  C  would  be  an  effective  means  of  less¬ 
ening  the  risk  of  diseases  such  as  cataract. 

In  a  case-control  comparison  of  77  subjects  with  cataract  and  35 
control  subjects  with  clear  lenses,  vitamin  C  intakes  of  greater  than 
490  mg/ day  were  associated  with  a  75  percent  decreased  risk  of 
cataracts  compared  with  intakes  of  less  than  125  mg/day  (Jacques 
and  Chylack,  1991).  Similarly,  vitamin  C  intakes  greater  than  300 
mg/ day  were  associated  with  a  70  percent  reduced  risk  of  cataracts 
(Robertson  et  ak,  1989).  In  a  second  case-control  comparison  with 
1,380  cataract  patients  and  435  control  subjects,  similar  results  were 
found:  although  intake  numbers  were  not  reported,  above-median 
vitamin  C  intake  was  associated  with  a  20  percent  decrease  in  the 
risks  of  cataracts  (Leske  et  ak,  1991).  In  contrast,  an  analysis  of  data 
derived  from  the  Baltimore  Longitudinal  Study  on  Aging  found  no 
increased  association  between  260  mg/day  of  vitamin  C  and  risk  of 
cataracts  compared  to  115  mg/day  (Vitale  et  ak,  1993). 

In  an  8-year  prospective  study,  Hankinson  et  ak  (1992)  evaluated 
the  experience  of  more  than  50,000  nurses  in  the  Nurses  Health 
Study.  Dietary  vitamin  C  intakes  were  not  associated  with  a  de¬ 
creased  risk  of  cataract,  but  cataract  risk  was  45  percent  lower 
among  the  nurses  who  consumed  vitamin  C  supplements  for  10  or 
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more  years.  With  a  cohort  of  247  nurses  from  the  above  study,  vita¬ 
min  C  supplement  use,  in  amounts  ranging  from  less  than  400  mg/ 
day  to  greater  than  700  mg/day  for  10  years  or  more,  was  associated 
with  a  statistically  significant  protective  effect  on  lens  opacities 
(Jacques  et  al.,  1997).  Women  who  consumed  vitamin  C  supple¬ 
ments  for  less  than  10  years  were  not  protected. 

Although  many  of  the  above  studies  suggest  a  protective  effect  of 
vitamin  C  against  cataracts,  the  data  are  not  consistent  or  specific 
enough  to  estimate  the  vitamin  C  requirement  based  on  cataracts. 

Asthma  and  Obstructive  Pulmonary  Disease 

It  is  suspected  that  vitamin  C  may  decrease  the  risk  of  asthma  and 
other  related  pulmonary  conditions  (Hatch,  1995).  Two  cross-sec¬ 
tional  studies  suggest  that  high  plasma  vitamin  C  concentrations  or 
intakes  protect  or  perhaps  enhance  respiratory  function  in  men  but 
not  in  women  (Ness  et  al.,  1996)  and  in  both  men  and  women 
(Britton  et  al.,  1995).  Similarly,  dietary  vitamin  C  intake  was  posi¬ 
tively  associated  with  enhanced  pulmonary  function  in  2526  adult 
men  and  women  participants  in  the  First  National  Health  and  Nu¬ 
trition  Survey  Epidemiological  Follow-up  Study  (Schwartz  and  Weiss, 
1994).  In  another  study,  20  middle-aged  men  and  women  patients 
with  mild  asthma  had  decreased  ascorbate  and  a-tocopherol  con¬ 
centrations  in  lung  lining  fluid,  while  blood  levels  were  normal 
(Kelly  et  al.,  1999).  These  findings  and  the  presence  of  increased 
oxidized  glutathione  in  the  airways  indicate  an  increased  oxidative 
stress  in  asthma  patients. 

A  series  of  small,  clinical  experiments  reported  that  vitamin  C 
supplementation  of  2  g/day  may  be  protective  against  airway  re¬ 
sponsiveness  to  viral  infections,  allergens,  and  irritants  (Bucca  et 
al.,  1992).  In  contrast,  a  clinical  experiment  testing  the  blocking 
effect  of  2  g/day  vitamin  C  against  exercise-induced  asthma  found 
little  evidence  of  such  an  effect  (Cohen  et  al.,  1997). 

Although  many  of  the  above  studies  suggest  a  protective  effect  of 
vitamin  C  against  asthma  and  obstructive  pulmonary  disease,  the 
data  are  not  consistent  or  specific  enough  to  estimate  the  vitamin  C 
requirement  based  on  asthma  or  pulmonary  disease. 

Common  Cold 

There  has  been  a  great  deal  of  interest  in  the  use  of  vitamin  C  to 
protect  against  the  common  cold,  much  of  this  research  stimulated 
by  the  views  put  forth  by  the  late  Linus  Pauling  (Hemila  and  Her- 
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man,  1995).  Reviews  of  numerous  studies  generally  conclude  that 
vitamin  C  megadoses  have  no  significant  effect  on  incidence  of  the 
common  cold,  but  do  provide  a  moderate  benefit  in  terms  of  the 
duration  and  severity  of  episodes  in  some  groups  (Chalmers,  1975; 
Jariwalla  and  Harakeh,  1996;  Ludvigsson  et  al.,  1977).  The  often- 
reported  improvement  in  severity  of  colds  after  vitamin  C  ingestion 
may  be  due  to  the  antihistaminic  action  of  the  vitamin  at  pharmaco¬ 
logical  doses  (Johnston  et  al.,  1992).  One  early  study  comparing  44 
school-aged  twins  in  vulnerability  to  colds  found  no  significant  over¬ 
all  treatment  effect  of  vitamin  C  intakes  at  doses  of  500  to  1,000 
mg/ day  (Miller  et  al.,  1977).  Other  trials  came  to  similar  conclu¬ 
sions  (Coulehan  et  al.,  1976;  Ludvigsson  et  al.,  1977).  Some  reviews 
have  stated  that  any  impact  of  vitamin  C  is  slight  or  that  it  is  protec¬ 
tive  only  among  some  subgroups  of  people  (Hemila,  1996,  1997). 
Others  view  the  accumulated  results  as  so  incomplete  and  flawed  as 
to  offer  no  evidence  of  protective  effects  (Herbert,  1995).  Thus,  the 
data  are  not  consistent  or  specific  enough  to  estimate  the  vitamin  C 
requirement  based  on  the  common  cold. 

Cognitive  Function  and  Memory 

Although  vitamin  C’s  role  as  an  antioxidant  and  cofactor  for  cate¬ 
cholamine  biosynthesis  might  suggest  that  it  protects  cognitive  func¬ 
tion,  there  is  little  valid  evidence  that  it  does.  One  study  found  no 
association  between  cognitive  function  and  vitamin  C  intake  (range 
84  to  147  mg/ day)  in  5,182  Dutch  residents  aged  55  to  95  years 
(Jama  et  al.,  1996).  Another  study  of  442  men  and  women,  aged  65 
to  94  years,  reported  that  higher  plasma  ascorbate  levels  were  asso¬ 
ciated  with  better  memory  performance  (Perrig  et  al.,  1997). 

Summary 

Although  several  studies  have  reported  an  inverse  correlation  be¬ 
tween  vitamin  C  intake  and  cardiovascular  disease,  some  types  of 
cancer,  and  cataracts,  others  have  failed  to  do  so.  Very  little  varia¬ 
tion  in  risk  is  seen  based  on  the  intake  of  vitamin  G  for  chronic 
obstructive  pulmonary  disease,  cold  or  infectious  disease,  or  cogni¬ 
tive  function  and  memory.  Also  it  is  important  that,  for  all  their 
power,  human-based  observational  or  epidemiological  studies  im¬ 
ply  but  do  not  prove  cause  and  effect.  Such  studies  do  not  rule  out 
the  impact  of  unidentified  factors.  In  a  recent  review  of  epidemio¬ 
logical  studies,  Gey  (1998)  suggested  that  plasma  vitamin  C  concen¬ 
trations  as  low  as  50  pmol/L  (1.0  mg/dL)  provide  the  optimal  ben- 
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efits  with  regard  to  cardiovascular  disease  and  cancer.  This  plasma 
vitamin  C  concentration  is  achieved  at  a  dietary  intake  of  approxi¬ 
mately  90  mg/day  vitamin  C  (Levine  et  al.,  1996a).  Thus,  in  the 
United  States  or  Canada,  it  may  be  difficult  to  do  a  large-scale  trial 
that  demonstrates  a  health  benefit  for  vitamin  C  unless  the  subjects 
are  prescreened  to  have  dietary  intakes  less  than  90  mg/day  and 
plasma  levels  less  than  than  50  pmol/L  (1.0  mg/dL)  of  vitamin  C. 

FACTORS  AFFECTING  THE  VITAMIN  C  REQUIREMENT 

Bioavailability 

Some  70  to  90  percent  of  usual  dietary  intakes  of  ascorbic  acid 
(30  to  180  mg/day)  are  absorbed,  although  absorption  decreases  to 
about  50  percent  and  less  with  single  doses  above  1  g  (Kallner  et  ah, 
1979;  Levine  et  ah,  1996b).  The  type  of  food  consumed  has  not 
been  shown  to  have  a  significant  effect  on  absorption  of  either  in¬ 
trinsic  or  supplemental  vitamin  C.  The  bioavailability  of  the  vitamin 
naturally  found  in  foods  or  in  the  form  of  a  supplement  has  not 
been  shown  to  be  significantly  different  from  that  of  pure  synthetic 
ascorbic  acid  (Johnston  and  Luo,  1994;  Mangels  et  ah,  1993). 

Nutrient-Nutrient  Interactions 

Vitamin  C  participates  in  redox  reactions  with  many  other  dietary 
and  physiological  compounds,  including  glutathione,  tocopherol, 
flavonoids,  and  the  trace  metals  iron  and  copper  (Jacob,  1995). 

Glutathione 

Interactions  of  ascorbate  with  the  endogenous  antioxidant  glu¬ 
tathione  have  been  shown  in  both  rodents  and  humans.  In  appar¬ 
ently  healthy  men  fed  a  low-ascorbate  diet  of  5  to  20  mg/ day,  plas¬ 
ma  total  glutathione  (reduced  [GSH]  and  oxidized  [GSSG]  forms) 
and  the  ratio  of  GSH/GSSG,  both  indicators  of  oxidative  stress, 
were  significantly  decreased  (Henning  et  ah,  1991).  In  apparently 
healthy  adults  supplemented  with  500  mg/day  of  ascorbic  acid, 
erythrocyte  glutathione  rose  significantly  (Johnston  et  ah,  1993). 
The  results  indicate  that  ascorbate  may  contribute  to  antioxidant 
protection  by  maintaining  reduced  glutathione. 
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Tocopherol  and  Flavonoids 

Evidence  from  in  vitro  and  animal  studies  has  shown  that  vitamin 
C  can  regenerate  or  spare  a-tocopherol  (Halpner  et  al.,  1998),  but 
studies  in  guinea  pigs  and  humans  have  not  confirmed  that  this 
interaction  occurs  to  a  significant  extent  in  vivo  (Jacob  et  al.,  1996) . 
Calculation  of  redox  potentials  indicates  that  ascorbate  can  recycle 
the  flavonoid  radical  (Bors  et  al.,  1995),  and  Skaper  et  al.  (1997) 
showed  that  ascorbic  acid  acts  synergistically  with  the  flavonoid  quer¬ 
cetin,  to  protect  cutaneous  tissue  cells  in  culture  against  oxidative 
damage  induced  by  glutathione  deficiency. 

Iron  and  Copper 

A  variety  of  interactions  of  ascorbate  with  the  redox-active  trace 
metals  iron  and  copper  have  been  reported  (the  potential  pro-oxi- 
dant  effects  are  discussed  later  in  the  section  “Pro-oxidant  Effects”) . 
Ascorbic  acid  is  involved  in  the  regulation  of  iron  metabolism  at  a 
number  of  points.  Ascorbate-related  reduction  of  iron  to  the  fer¬ 
rous  state  is  involved  in  iron  transfer  and  storage  pathways.  Ascorbic 
acid  added  to  meals  facilitates  intestinal  absorption  of  nonheme 
iron,  possibly  due  to  lowering  of  gastrointestinal  iron  to  the  more 
absorbable  ferrous  state  or  amelioration  of  the  effect  of  dietary  iron 
absorption  inhibitors  (Hallberg,  1985).  However,  studies  in  which 
the  vitamin  is  added  to  meals  over  long  periods  have  not  shown 
significant  improvement  of  body  iron  status,  indicating  that  ascor¬ 
bic  acid  has  less  effect  on  iron  bioavailability  than  has  been  predict¬ 
ed  from  tests  with  single  meals  (Hunt  et  al.,  1994). 

Some  evidence  indicates  that  excess  ascorbic  acid  intake  may  af¬ 
fect  copper  metabolism  in  a  variety  of  ways,  including  inhibition  of 
intestinal  absorption  and  ceruloplasmin  oxidase  activity  and  labili- 
zation  of  ceruloplasmin-bound  copper  for  cellular  transport  (Har¬ 
ris  and  Percival,  1991).  High  concentrations  of  plasma  ascorbate  in 
premature  infants  has  been  suggested  to  decrease  ceruloplasmin 
ferroxidase  activity  and  thereby  compromise  antioxidant  protection 
(Powers  et  al.,  1995).  However,  the  significance  of  these  effects  in 
humans  is  questionable,  because  high  ascorbate  intakes  among  men 
on  a  metabolic  unit  did  not  inhibit  copper  absorption  (Jacob  et  al., 
1987b).  In  addition,  the  findings  of  decreased  ceruloplasmin  fer¬ 
roxidase  activity  due  to  high  physiologic  ascorbate  concentrations 
have  been  attributed  to  an  artifact  of  nonphysiological  assay  pH 
(Lovstad,  1997). 
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Smoking 

Nearly  all  studies  show  that  smokers  have  decreased  plasma  and 
leukocyte  ascorbate  levels  compared  to  nonsmokers.  Part  of  this 
difference  may  be  attributable  to  a  lower  intake  of  fruits  and  vegeta¬ 
bles  among  smokers  than  among  nonsmokers  (Dallongeville  et  al., 
1998;  Marangon  et  ah,  1998).  However,  studies  that  have  adjusted 
for  differences  in  vitamin  C  intake  (Marangon  et  ah,  1998)  and 
those  which  have  assessed  populations  with  similar  fruit  and  vegeta¬ 
ble  intakes  (Lykkesfeldt  et  ah,  2000)  still  find  that  smokers  have 
lower  plasma  vitamin  C  concentrations  than  nonsmokers.  This  indi¬ 
cates  that  smoking  per  se  predisposes  to  lower  vitamin  C  status. 

Vitamin  C  Turnover 

The  mechanism  by  which  smoking  compromises  vitamin  C  status 
has  not  been  well  established.  A  radioisotope-labeled  ascorbic  acid 
dilution  study  showed  that  the  metabolic  turnover  of  the  vitamin  in 
smokers  averaged  about  double  that  of  nonsmokers:  70.0  versus 
35.7  mg/day  (Kallner  et  ah,  1981).  Increased  ascorbate  turnover  in 
smokers  is  likely  due  to  the  increased  oxidative  stress  from  substanc¬ 
es  in  smoke  that  are  directly  oxidizing  or  that  stimulate  oxidizing 
inflammatory  responses  (Elneihoum  et  ah,  1997;  Lehr  et  ah,  1997; 
Pryor,  1997).  This  hypothesis  is  supported  by  the  finding  that  the 
ratio  of  dehydroascorbic  acid  (DHA)  to  ascorbate  in  plasma  of 
smokers  is  increased  compared  to  that  in  nonsmokers  (Lykkesfeldt 
et  ah,  1997). 

Most  studies  have  found  that  smokers  suffer  increased  in  vivo  oxi¬ 
dation  of  susceptible  biological  molecules,  including  lipids  (Mor¬ 
row  et  ah,  1995;  Reilly  et  ah,  1996),  lipoproteins  (Sasaki  et  ah,  1997), 
and  deoxyribonucleic  acid  (DNA)  (Asami  et  ah,  1997;  Panayiotidis 
and  Collins,  1997).  In  many  but  not  all  of  these  studies,  interven¬ 
tion  with  administration  of  vitamin  C  or  cessation  of  smoking  de¬ 
creased  the  oxidant  damage  measured.  Supplementation  of  smok¬ 
ers  with  vitamin  C  (2  g/day)  reduced  elevated  levels  of  urinary 
isoprostanes,  a  measure  of  in  vivo  lipid  peroxidation  (Reilly  et  ah, 
1996).  This  is  consistent  with  earlier  findings  that  either  endoge¬ 
nous  or  in  vitro  added  ascorbic  acid  uniquely  protected  plasma  lip¬ 
ids  against  oxidative  damage  caused  by  cigarette  smoke  (Frei  et  ah, 
1991).  Large  doses  of  vitamin  C  (1  g/day  or  more)  provided  protec¬ 
tion  against  lymphocyte  DNA  strand  break  damage  induced  ex  vivo 
by  radiation  with  H202  (hydrogen  peroxide)  (Green  et  ah,  1994; 
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Panayiotidis  and  Collins,  1997).  Endogenous  DNA  strand  breaks 
(in  the  absence  of  added  H202)  were  not  different  between  smok¬ 
ers  and  nonsmokers;  however,  DNA  damage  due  to  ex  vivo  H202 
addition  was  significantly  greater  in  smokers  than  in  nonsmokers. 
Vitamin  C  at  1  g/ day  decreased  ex  vivo  DNA  damage  by  about  20 
percent  in  both  groups  (Panayiotidis  and  Collins,  1997). 

A  few  studies  have  shown  no  effect  of  smoking  or  vitamin  C  sup¬ 
plementation  on  oxidizable  biomolecules  (Marangon  et  al.,  1997, 
1998).  Supplementation  of  21  male  smokers  with  500  mg/day  of 
vitamin  C  for  2  months  had  no  effect  on  urinary  excretion  of  8- 
hydroxy-7,  8-dihydro-2'-deoxyguanosine  (8-oxodG),  a  product  of 
oxidative  DNA  damage  (Prieme  et  al.,  1997). 

Endothelial  and  Hemostatic  Dysfunction 

Smokers  also  suffer  from  endothelial  and  hemostatic  dysfunctions 
that  are  reported  to  be  ameliorated  by  vitamin  C.  Some  evidence 
suggests  that  ascorbate  in  neurons  modulates  synthesis  of  the  va¬ 
sodilator  nitric  oxide  (NO)  (Millar,  1995).  Since  endothelium-de- 
pendent,  but  not  endothelium-independent,  vasodilation  was  im¬ 
proved  by  vitamin  C  administration  in  smokers,  Heitzer  et  al.  (1996) 
concluded  that  vitamin  C  acts  to  decrease  oxidative  stress  within  the 
vasculature  of  smokers  by  directly  scavenging  reactive  oxygen  spe¬ 
cies  (ROS),  thereby  protecting  the  endogenous  vasodilator  NO, 
among  other  hypothesized  effects.  Vitamin  C  in  physiological 
amounts  has  been  shown  to  increase  by  threefold  the  synthesis  of 
NO  by  human  endothelial  cells  in  culture  (Heller  et  al.,  1999). 
Motoyama  et  al.  (1997)  reported  that  vitamin  C  infusion  improved 
impaired  endothelium-dependent  vasodilation  in  the  brachial  ar¬ 
teries  of  smokers,  along  with  a  decrease  in  plasma  thiobarbitutic 
acid  reactive  substances  (TBARS) ,  a  nonspecific  measure  of  lipid 
peroxidation.  Smokers  with  low  levels  of  plasma  vitamin  C  com¬ 
pared  to  nonsmokers  also  had  increased  monocyte  adhesion  to  en¬ 
dothelial  cells,  which  was  normalized  to  that  of  nonsmokers  after 
oral  supplementation  with  2  g/day  of  vitamin  C  (Weber  et  al.,  1996) . 
A  mechanism  for  the  effect  of  vitamin  C  on  diminishing  leukocyte 
or  platelet  adhesion  and  aggregation  in  smokers  is  suggested  by 
findings  in  hamsters,  in  which  the  vitamin  decreases  formation  of 
oxidized  phospholipids  that  induce  intravascular  adhesion,  aggre¬ 
gation,  and  inflammation  (Lehr  et  al.,  1997). 
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Pregnancy 

Cigarette  smoking  also  promotes  oxidant  damage  and  disturbs 
vitamin  C  nutriture  in  pregnant  women.  Although  vitamin  C  in¬ 
takes  and  serum  concentrations  were  not  different  between  third 
trimester  smokers  compared  to  nonsmokers;  breath  ethane,  a  mea¬ 
sure  of  lipid  peroxidation,  was  increased  in  the  smokers  and  corre¬ 
lated  inversely  with  serum  vitamin  C  in  the  smokers  but  not  the 
nonsmokers  (Schwarz  et  al.,  1995).  There  are  more  than  1015  or¬ 
ganic  free  radicals  per  puff  in  gas-phase  cigarette  smoke  (Pryor, 
1992).  Given  the  time  elapsed  between  the  last  cigarette  smoked 
and  the  breath  collection  as  well  as  the  absence  of  correlation  be¬ 
tween  breath  ethane  values  and  hours  since  the  last  cigarette 
smoked,  the  breath  ethane  in  pregnant  smokers  was  thought  to 
originate  from  peroxidation  of  the  smoker’s  body  lipids  rather  than 
the  smoke  itself.  In  Spanish  women  in  their  third  trimester,  serum 
vitamin  C  levels  were  not  different  between  smokers  and  nonsmok¬ 
ers,  but  vitamin  C  levels  were  lower  in  the  smokers’  milk  after  partu¬ 
rition  (Ortega  et  al.,  1998). 

Environmental  Tobacco  Smoke 

Increased  oxidative  stress  and  ascorbate  turnover  have  also  been 
shown  in  nonsmoking  individuals  who  are  regularly  exposed  to  to¬ 
bacco  smoke  in  their  environment.  Environmental  or  sidestream 
tobacco  smoke  provokes  oxidant  damage  similar  to  mainstream  cig¬ 
arette  smoke  (Bermudez  et  al.,  1994;  Pryor  et  al.,  1983).  Plasma 
ascorbate  concentrations  of  passive  smokers  were  intermediate  be¬ 
tween  those  of  active  smokers  and  nonsmokers  who  were  not  ex¬ 
posed  to  environmental  tobacco  smoke,  despite  similar  vitamin  C 
intakes  (Tribble  etal.,  1993).  Hypovitaminosis  C  (plasma  ascorbate 
concentrations  less  than  23  pmol/L  [0.5  mg/ dL] )  was  found  in  24 
percent  of  the  active  smokers  and  12  percent  of  passive  smokers 
and  indicated  that  both  passive  and  active  smoke  exposure  lowered 
body  ascorbate  pools.  Exposure  of  nonsmokers  to  secondhand 
smoke  for  30  minutes  in  a  smoke-filled  room  resulted  in  a  signifi¬ 
cant  decline  in  serum  ascorbate,  increased  lipid  peroxidation,  and 
oxidatively  modified  low-density  lipoprotein  (LDL)  (Valkonen  and 
Kuusi,  1998).  Although  the  above  data  are  insufficient  to  estimate  a 
special  requirement  for  non  smokers  regularly  exposed  to  tobacco 
smoke,  these  individuals  are  urged  to  ensure  that  they  meet  the 
Recommended  Dietary  Allowance  (RDA)  for  vitamin  C. 
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Gender 

In  both  observational  and  intervention  studies,  human  plasma  or 
serum  ascorbate  levels  are  usually  found  to  be  higher  in  females 
than  in  males  of  the  same  population.  Serum  ascorbate  concentra¬ 
tions  of  adult  females  aged  19  and  older  were  greater  than  those  of 
males  in  the  same  age  category  as  reported  in  the  Third  National 
Health  and  Nutrition  Examination  Survey  (NHANES  III)  (Appen¬ 
dix  Table  F-l).  A  minority  of  studies  has  reported  no  gender  differ¬ 
ence  in  plasma  vitamin  C  levels  (Johnston  and  Thompson,  1998). 
Although  the  reported  gender  differences  in  blood  vitamin  C  con¬ 
centrations  may  be  attributed  in  part  to  differences  in  vitamin  C 
intake,  studies  of  elderly  populations  show  that  the  difference  exists 
over  a  wide  range  of  vitamin  C  intakes  and  remains  significant  when 
males  and  females  consuming  similar  amounts  of  the  vitamin  are 
compared  (Garry  et  al.,  1982;  Itoh  et  al.,  1989;  Jacob  et  al.,  1988; 
Vanderjagt  et  al.,  1987).  In  a  population  of  elderly  English  adults 
(75  years  and  older),  higher  fruit  consumption  by  women  contrib¬ 
uted  to  but  did  not  entirely  account  for  their  higher  plasma  and 
leukocyte  ascorbate  levels  compared  to  men  (Burr  et  al.,  1974). 
However,  the  latter  finding  of  higher  leukocyte  ascorbate  in  women 
compared  to  men  was  not  confirmed  in  a  subsequent  study,  which 
found  no  gender  differences  in  leukocyte  ascorbate  concentrations 
(Evans  et  al.,  1982). 

Part  of  the  gender  difference  could  be  attributed  to  the  larger 
body  and  fat-free  mass  of  men  compared  to  women  (Baker  et  al., 
1962;  Blanchard,  1991a, b;  Jacob  et  al.,  1987a).  However,  since  dif¬ 
ferences  in  fat-free  mass  accounted  for  only  10  to  31  percent  of  the 
variation  in  plasma  vitamin  C  parameters,  other  unknown  gender- 
related  variables  such  as  hormonal  or  metabolic  effects  are  needed 
to  explain  fully  the  observed  gender  differences  in  vitamin  C  me¬ 
tabolism  (Blanchard,  1991a).  The  differences  are  not  explained  by 
renal  handling  of  ascorbic  acid,  since  renal  clearance  parameters  of 
ascorbic  acid  for  both  young  and  elderly  adults  showed  no  gender- 
related  differences  (Oreopoulos  et  al.,  1993). 

Overall,  the  data  indicate  that  women  maintain  higher  plasma 
ascorbate  levels  than  men  at  a  given  vitamin  C  intake.  Although 
studies  were  not  found  that  directly  compare  the  vitamin  C  require¬ 
ments  for  men  and  women,  a  difference  in  average  vitamin  C  re¬ 
quirements  of  men  and  women  is  assumed  based  on  mean  differ¬ 
ences  in  body  size,  total  body  water,  and  lean  body  mass. 
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FINDINGS  BY  LIFE  STAGE  AND  GENDER  GROUP 
Infants  Ages  0  through  12  Months 

Method  Used  to  Set  the  Adequate  Intake 

No  functional  criteria  of  vitamin  C  status  have  been  demonstrated 
that  reflect  response  to  dietary  intake  in  infants.  Thus,  recommend¬ 
ed  intakes  of  vitamin  C  are  based  on  an  Adequate  Intake  (AI)  that 
reflects  the  observed  mean  vitamin  C  intake  of  infants  fed  principal¬ 
ly  with  human  milk. 

Human  Milk.  Human  milk  is  recognized  as  the  optimal  milk 
source  for  infants  throughout  at  least  the  first  year  of  life;  it  is  rec¬ 
ommended  as  the  sole  nutritional  milk  source  for  infants  during 
the  first  4  to  6  months  of  life  (IOM,  1991).  Therefore  determina¬ 
tion  of  the  AI  for  vitamin  C  for  infants  is  based  on  data  from  infants 
fed  human  milk  as  the  principal  fluid  during  the  periods  0  through 
6  months  and  7  through  12  months  of  age.  The  AI  is  set  at  the 
mean  value  for  observed  intakes  as  determined  from  studies  in 
which  the  intake  of  human  milk  was  measured  by  test  weighing 
volume  and  the  intake  of  food  was  determined  by  dietary  records. 

A  number  of  reports  of  vitamin  C  content  of  human  milk  are 
available  (Table  5-9) .  In  mothers  not  taking  vitamin  C  supplements, 
vitamin  C  in  human  milk  in  the  first  6  months  of  lactation  varied 
from  34  mg/L  (Bates  et  al.,  1982)  to  83  mg/L  (Byerley  and  Kirksey, 
1985) .  In  mothers  taking  vitamin  C  supplements  ranging  from  45  to 
greater  than  1,000  mg/day,  vitamin  C  content  of  human  milk  var¬ 
ied  from  45  to  115  mg/L  (Byerley  and  Kirksey,  1985;  Udipi  et  ah, 
1985).  Thus,  the  influence  of  maternal  vitamin  C  intake  and  its 
effect  on  the  vitamin  C  content  of  human  milk  are  inconclusive 
(Byerley  and  Kirksey,  1985;  Sneed  et  al.,  1981;  Thomas  et  al.,  1979, 
1980).  The  vitamin  C  content  of  human  milk  appears  to  decline 
during  the  first  year  of  life  so  that  by  the  twelfth  month  of  lactation 
the  vitamin  C  content  is  about  8  to  12  percent  lower  (Karra  et  al., 
1986;  Salmenpera,  1984). 

In  a  study  of  infantile  vitamin  C  intake  during  prolonged  lacta¬ 
tion,  mean  human  milk  vitamin  C  concentration  decreased  from 
49.7  ±  10.6  mg/L  (SD)  at  at  4  months  of  lactation  to  44.6  ±  5.6  mg/ 
L  (SD)  at  9  months  of  lactation  (Salmenpera,  1984).  Calculated 
from  the  milk  concentrations  and  volumes,  the  average  daily  vita¬ 
min  C  intake  by  these  infants  was  36  mg/day  at  4  and  6  months,  and 
42  mg/day  at  9  months.  The  plasma  concentrations  of  vitamin  C  of 
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all  infants  studied  were  in  the  normal  range,  greater  than  34  pmol/ 
L  (0.6  mg/dL)  indicating  that  exclusively  human  milk-fed  infants 
are  well  protected  against  vitamin  C  deficiency. 

Ages  0  through  6  Months.  The  AI  for  infants  0  through  6  months 
is  based  on  the  average  volume  of  milk  intake  of  0.78  L/day  (Allen 
et  al.,  1991;  Butte  et  al.,  1984;  Heinig  et  al.,  1993),  and  an  average 
concentration  of  vitamin  C  in  human  milk  of  50  mg/L.  This  is  the 
average  vitamin  C  content  of  mature  milk  as  assessed  by  Salmen- 
pera  (1984),  Sneed  et  al.  (1981),  and  George  and  De  Francesca 
(1989)  and  is  in  the  range  of  vitamin  C  content  measured  in  the 
other  studies  (Table  5-9).  Multiplying  this  amount  by  the  average 
intake  of  human  milk  at  0  through  6  months,  the  AI  would  be  50 
mg/L  x  0.78  L/day  =  39  mg/ day  vitamin  C.  Therefore  the  AI  for 
vitamin  C  for  infants  0  through  6  months  of  age  is  40  mg/day,  after 
rounding. 

This  amount  is  lower  than  the  median  intake  of  75  mg/day  of 
vitamin  C  for  infants  1  through  6  months  as  reported  in  the  U.S. 
Department  of  Agriculture  1994-1996  Continuing  Survey  of  Food 
Intake  by  Individuals  (CSFII)  where  intake  data  ranged  from  4  to 
273  mg,  (Appendix  Table  D-l).  The  latter  figure  is  probably  higher 
than  that  calculated  for  an  infant  fed  human  milk  because  the  data 
in  CSFII  are  based  on  consumption  of  infant  formula  plus  solid 
food,  and  the  vitamin  C  content  of  proprietary  infant  formulas  is 
approximately  50  mg/L  (FDA,  1985).  However,  the  proposed  AI  is 
comparable  to  vitamin  C  intakes  from  human  milk-fed  German  in¬ 
fants  whose  median  intakes  were  41  mg/day  at  6  months  of  age 
(Alexy  et  al.,  1999) .  These  figures  are  much  higher  than  the  amount 
of  vitamin  C  shown  to  protect  infants  from  scurvy  (7  mg/day)  in 
early  studies  determining  amounts  necessary  to  prevent  deficien¬ 
cies  (Goldsmith,  1961;  Rajalakshmi  et  al.,  1965;  Van  Eekelen,  1953). 

Ages  7  through  12  Months.  During  the  second  6  months  of  life, 
solid  foods  become  a  more  important  part  of  the  infant  diet  and 
add  a  significant  but  poorly  defined  amount  of  vitamin  C  to  the 
diet.  Although  limited  data  are  available  for  typical  vitamin  C  in¬ 
takes  from  foods  by  infants  fed  human  milk,  mean  vitamin  C  in¬ 
takes  from  solid  foods  are  22  mg/day  for  formula-fed  infants  (Mon- 
talto  et  al.,  1985).  For  purposes  of  developing  an  AI  for  this  age 
group,  it  is  assumed  that  infants  who  are  fed  human  milk  have 
intakes  of  solid  food  similar  to  formula-fed  infants  of  the  same  age 
group  (Specker  et  al.,  1997).  Based  on  data  of  Dewey  et  al.  (1984), 
mean  human  milk  intake  during  the  second  6  months  of  life  would 
be  0.6  L/ day.  Thus,  vitamin  C  intake  from  human  milk  with  a  vita- 
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TABLE  5-9  Vitamin  C  Content  in  Human  Milk 


Stage  of  Lactation 

Vitamin  C  Content 

Maternal  Vitamin  C 

Reference 

(mg/d) 

in  Milk  (mg/L) 

Intake  (mg/d) 

Thomas  et  al., 

1  and  6  wk  pp" 

68* 

190  (diet  only) 

1979 

73* 

148  (diet)  +  90 

(supplement) 

Thomas  et  al., 

6  mo  pp 

35.2  ± 

12.0  (SDd) 

131  (diet  only) 

1980c 

38.4  ± 

12.3  (SD) 

153  (diet)  +  90 

(supplement) 

Sneed  et  al., 

1  and  6  wk  pp 

57* 

118  (diet  only)* 

1981 

68* 

108  (diet)  +  90 

(supplement) 

Bates  et  al., 

Not  Reported 

34 

No  diet  intake  data 

1982 

45 

reported 

35  as  supplement 

Salmenpera, 

3-4  d  pp 

61.8  ± 

0.99  (SD) 

48-277  (mean  138) 

1984 

2  mo 

59.1  ± 

1.18  (SD) 

(no  supplements 

4  mo 

49.7  ± 

1.06  (SD) 

were  taken) 

6  mo 

46.8  ± 

1.02  (SD) 

9  mo 

44.6  ± 

0.56  (SD) 

12  mo 

41.4  ± 

1.13  (SD) 

Byerley  and 

7-1 3  wk  lactation 

83.3 

<100 

Kirksey,  1985r 

104.1 

100-999 

114.7 

1,000 

Udipi  et  al., 

1-6  d  lactation 

90* 

198,  range  60-270 

1985 

7-10  d 

95* 

(extradietary 

13-15  d 

105* 

intake  only) 

20-22  d 

120* 

28-31  d 

115* 

Karra  et  al., 

7-12  mo  lactation 

90* 

Not  reported 

1986 

a  pp  =  postpartum. 

*  Values  were  estimated  from  graphs. 

c  Lack  of  correlation  between  maternal  intake  and  breast  milk  concentration  of  vita¬ 
min  C  in  human  milk. 

d  SD  =  standard  deviation. 
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Methods 


n  =  17  healthy  women,  aged  18-35  y 
Intake  was  analyzed  based  on  three  4-d  diet  records 

There  was  no  significant  difference  in  milk  content  between  the  two  groups 
Plasma  vitamin  C  levels  were  significantly  lower  at  7  d  pp  in  the 
unsupplemented  group;  at  6  weeks,  there  was  no  difference.  Serum 
concentrations  were  lower  in  the  supplemented  group 


n=  12  healthy  women,  aged  18-35  y 
Intake  based  on  4-d  diet  records 


w  -  16  low-socioeconomic  women;  aged  18-32  y 
Intake  was  analyzed  based  on  two  4-d  diet  records 

There  was  no  significant  difference  in  milk  content  between  the  two  groups 
£fferenceUred  P  aSm!>  concentration  of  ascorbic  acid-found  no  significant 

n  -  168  Gambian  women 


n  -  200  healthy  nonsmoking  mothers  and  full-term  infants 
Infants  were  e^iusively  fed  human  milk  for  at  least  3  mo  (range  3-12  mo) 
Intake  based  on  7-d  food  records  kept  by  a  subset  of  mothers 
Milk  volumes  (mL/ d)  based  on  3-d  averages  were 
calculated: 

790  (510-1,120)  at  4  mo  lactation 
800  (500-1,025)  at  6  mo  lactation 
890  (655-1,100)  at  9  mo  lactation 

71  =  25  healthy  women  aged  20-36  yrs,  and  their  infants 
Milk  concentration  was  calculated  from  estimates  of  the  volume  of  milk  intake 
of  infants  and  infant  intake  of  vitamin  C 

«  =  12  healthy  women;  aged  21-35  y 

F'Tnd  28-31 'Cat'tly  IOWer  mUk  concentration  on  days  J-6  than  on  days  13-15 


n  =  55  women;  aged  21-38  y 

Found  8%  decrease  in  Vit  C  milk  levels  between  7  and  12  mo  lactation 


138 


DIETARY  REFERENCE  INTAKES 


min  C  concentration  of  about  45  mg/L  at  9  months  (the  midpoint 
of  this  age  group)  of  lactation  (Salmenpera,  1984)  would  be  ap¬ 
proximately  27  mg/day.  Adding  the  intake  from  milk  (27  mg/day) 
and  food  (22  mg/day),  the  total  AI  for  vitamin  C  is  rounded  to  50 

An  alternative  method  to  calculate  vitamin  C  intake  is  to  use  the 
method  described  in  Chapter  3  to  extrapolate  from  the  Al ^for  in¬ 
fants  ages  0  through  6  months  who  receive  human  milk.  Utilizing 
this  method,  the  AI  for  the  older  infants  is  rounded  up  to  50  mg/ 
day  of  vitamin  C.  This  is  comparable  to  the  value  calculated  above 

utilizing  human  milk  and  solid  food. 

The  1994  to  1996  CSFII  data  for  infants  7  through  12  months  ot 
age  ranged  from  21  to  293  mg/day,  with  median  106  mg/day  of 
vitamin  C  (Appendix  Table  D-l). 

Vitamin  C  AI  Summary,  Ages  0  through  12  Months 


AI  for  Infants  .  ,, 

0-6  months  40  mg  (227  pmol)/day  of  vitamin  C  =6  mg/kg 

7-12  months  50  mg  (256  nmol)/ day  of  vitamin  C  -6  mg/kg 

Children  and  Adolescents  Ages  1  through  18  Years 

Evidence  Considered  in  Estimating  the  Average  Requirement 

No  direct  data  were  found  on  which  to  base  an  Estimated  Average 
Requirement  (EAR)  for  vitamin  C  for  children  ages  1  through  18 
years.  In  the  absence  of  additional  information,  and  because  vita¬ 
min  C  is  a  water-soluble  vitamin  and  males  have  a  larger  lean  body 
mass  and  total  body  water  than  women,  EARs  for  children  and  ado¬ 
lescents  have  been  estimated  on  the  basis  of  relative  body  weigh  as 
described  in  Chapter  3  using  reference  weights  from  Chapter  1 

^The  Recommended  Dietary  Allowances  (RDAs)  estimated  below 
for  children  1  through  13  years  of  age  are  lower  than  the  AIs  calcu¬ 
lated  above  for  infants  0  through  12  months  of  age.  The  reason  an 
AI  may  be  higher  than  an  RDA  lies  in  the  way  they  are  determined 
(see  “Differences  Between  the  AI  and  the  RDA  in  Chapter  1) .  T  e 
AI  is  based  on  data  on  milk  composition  and  volume  of  milk  con¬ 
sumed  to  calculate  an  adequate  intake  of  infants.  The  v‘tam'n 
RDA,  in  the  case  of  1-  through  13-year-old  children,  is  based  on 
assumed  differences  in  body  weight  from  adults  for  whom  there  are 
some  data.  Thus,  the  data  that  are  utilized  to  estimate  the  Al  and 
RDA  are  different  and  cannot  be  compared. 
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Vitamin  C  EAR  and  RDA  Summary ,  Ages  1  through  18  Years 


EAR  for  Children 
1-3  years 
4-8  years 
EAR  for  Boys 

9-13  years 
14-18  years 
EAR  for  Girls 

9-13  years 
14-18  years 


13  mg  (74  pmol)/day  of  vitamin  C 
22  mg  (125  pmol)/day  of  vitamin  C 

39  mg  (222  vunol)/day  of  vitamin  C 
63  mg  (358  pmol)/day  of  vitamin  C 

39  mg  (222  pmol)/day  of  vitamin  C 
56  mg  (318  pmol)/day  of  vitamin  C 


The  RDA  for  vitamin  C  is  set  by  assuming  a  coefficient  of  variation 
(CV)  of  10  percent  (see  Chapter  1)  because  information  is  not  avail¬ 
able  on  the  standard  deviation  of  the  requirement  for  vitamin  C; 
the  RDA  is  defined  as  equal  to  the  EAR  plus  twice  the  CV  to  cover 
the  needs  of  97  to  98  percent  of  the  individuals  in  the  group  (there¬ 
fore,  for  vitamin  C  the  RDA  is  120  percent  of  the  EAR).  The  calcu¬ 
lated  values  for  RDAs  have  been  rounded  to  the  nearest  5  mg. 


RDA  for  Children 


1-3  years 

15  mg  (85  pmol)/day  of  vitamin  C 

4-8  years 

25  mg  (142  pmol)/day  of  vitamin  C 

RDA  for  Boys 

9-13  years 

45  mg  (256  pmol)/day  of  vitamin  C 

14-18  years 

75  mg  (426  pmol)/day  of  vitamin  C 

RDA  for  Girls 

9-13  years 

45  mg  (256  pmol)/day  of  vitamin  C 

14-18  years 

65  mg  (370  pmol)/day  of  vitamin  C 

Adults  Ages  1 9  through  50  Years 

Evidence  Considered  in  Estimating  the  Average  Requirement 

Although  it  is  known  that  the  classic  disease  of  severe  vitamin  C 
deficiency,  scurvy,  is  rare  in  the  United  States  and  Canada,  other 
human  experimental  data  that  can  be  utilized  to  set  a  vitamin  C 
requirement,  based  on  a  biomarker  other  than  scurvy,  are  limited. 
Values  recommended  here  are  based  on  an  amount  of  vitamin  C 
that  is  thought  to  provide  antioxidant  protection  as  derived  from 
the  correlation  of  such  protection  with  neutrophil  ascorbate  con¬ 
centrations. 

It  is  recognized  that  there  are  no  human  data  to  quantify  directly 
the  dose-response  relationship  between  vitamin  C  intake  and  in  vivo 
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antioxidant  protection.  In  addition,  only  one  study  (Levine  et  al., 
1996a)  with  seven  apparently  healthy  males  reported  plasma,  neu¬ 
trophil,  and  urinary  ascorbate  concentrations  during  vitamin  C  de¬ 
pletion  and  repletion  to  steady  state.  Thus,  there  are  wide  uncer¬ 
tainties  in  the  data  utilized  to  estimate  the  vitamin  C  requirements. 
However,  in  the  absence  of  other  data,  maximal  neutrophil  concen¬ 
tration  with  minimal  urinary  loss  appears  to  be  the  best  biomarker 
at  the  present  time.  It  must  be  emphasized  that  research  is  urgently 
needed  to  explore  the  use  of  other  biomarkers  to  assess  vitamin  C 
requirements. 

Antioxidant  Protection 

The  evidence  summarized  in  the  preceding  sections  indicates  that 
vitamin  C  functions  in  vivo  to  scavenge  reactive  oxidants  in  activat¬ 
ed  leukocytes,  lung,  and  gastric  mucosa,  and  to  protect  against  lipid 
peroxidation.  Therefore,  the  determination  of  an  EAR  for  vitamin 
C  is  based  on  an  amount  estimated  to  provide  antioxidant  protec¬ 
tion.  Evidence  summarized  in  the  earlier  section  “Antioxidant  Func¬ 
tions  in  Leukocytes”  indicates  that  the  vitamin’s  antioxidant  func¬ 
tion  in  leukocytes,  which  includes  neutrophils,  lymphocytes,  and 
monocytes,  is  especially  important.  In  addition,  studies  with  guinea 
pigs  and  monkeys  show  that  the  concentration  of  ascorbate  in  the 
leukocytes  more  accurately  reflects  liver  and  body  pool  ascorbate 
than  does  the  concentration  in  plasma  or  erythrocytes  (Omaye  et 
al.,  1987).  The  vitamin  is  transported  into  leukocytes  by  an  energy- 
dependent  transport  system  that  concentrates  the  vitamin  some  25, 
40,  and  80  times  higher  than  plasma  levels  in  neutrophils,  platelets, 
and  lymphocytes,  respectively  (Evans  et  al.,  1982;  Jacob  et  al.,  1992; 
Levine  et  al.,  1996a). 

The  cells  actively  concentrate  the  vitamin,  which  serves  as  a  cellu¬ 
lar  reservoir  of  reducing  capacity  and  scavenges  damaging  phago¬ 
cyte-derived  oxidants  such  as  superoxide  and  myeloperoxidase-de¬ 
rived  hypochlorus  acid  (HOC1)  and  reactive  nitrogen  species 
(RNS).  In  both  the  cell-free  and  the  activated  neutrophil  systems 
described  earlier,  the  protection  of  a-1 -antiprotease  against  inacti¬ 
vation  by  HOC1  (Halliwell  et  al.,  1987)  and  the  inhibition  of  super¬ 
oxide  production  (Anderson  and  Lukey,  1987)  were  directly  pro¬ 
portional  to  ascorbate  concentrations  within  the  normal  range  of 
plasma  ascorbate  concentrations  (22  to  85  pmol/L  [0.4  to  1.5  mg/ 
dL]).  Data  plotted  in  Figure  5-2  show  that  superoxide  production 
by  activated  neutrophils  was  inhibited  29,  44,  52,  and  55  percent  by 
extracellular  ascorbate  concentrations  of  28,  57, 1 14,  and  284  pmol/ 
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FIGURE  5-2  The  effect  of  varying  extracellular  ascorbate  concentrations  on  inhi¬ 
bition  of  superoxide  produced  by  activated  neutrophils.  The  range  of  normal  hu¬ 
man  plasma  ascorbate  concentrations  is  shown  within  the  arrows. 

SOURCE:  Adapted  from  Anderson  and  Lukey  (1987). 


L  (0.5,  1.1,  2.2,  and  5.0  mg/dL),  respectively,  without  any  effect  on 
intracellular  bacterial  killing  (Anderson  and  Lukey,  1987).  This  in¬ 
dicates  that  antioxidant  protection  is  increasingly  provided  as  ascor¬ 
bate  concentrations  increase,  with  the  greatest  change  in  protec¬ 
tion  seen  for  ascorbate  concentrations  between  28  and  57  pmol/L 
(0.5  and  1.0  mg/dL). 

Although  similar  dose-response  data  for  leukocyte  ascorbate  lev¬ 
els  are  not  available,  the  limited  data  from  Levine  et  al.  (1996a), 
seen  in  Figures  5-3  and  5-4,  show  that  plasma  and  neutrophil  ascor¬ 
bate  concentrations  are  both  directly  related  to  vitamin  intake  be¬ 
tween  about  50  and  90  mg/day.  The  concentrations  were  measured 
by  a  sensitive  high-pressure  liquid  chromatography  assay  with  elec¬ 
trochemical  detection.  Therefore,  increasing  neutrophil  ascorbate 
concentrations  within  this  range  should  provide  for  increased  pro¬ 
tection  against  phagocyte-derived  oxidant  damage. 
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dose. 

SOURCE:  Adapted  from  Levine  et  al.  (1996a). 


There  are  no  data  to  quantify  directly  the  dose-response  relation 
between  vitamin  C  intake  and  in  vivo  antioxidant  protection.  There¬ 
fore,  the  criterion  chosen  for  the  EAR  is  the  vitamin  C  intake  that 
maintains  near-maximal  neutrophil  vitamin  C  concentrations  with 
minimal  urinary  loss.  Since  leukocyte  ascorbate,  which  includes  neu¬ 
trophil  ascorbate,  correlates  well  with  liver  and  body  pool  ascorbate 
(Omaye  et  al.,  1987),  this  criterion  should  provide  for  adequate  in 
vivo  antioxidant  protection  to  body  tissues  while  minimizing  excess 
urinary  vitamin  excretion.  Vitamin  C  intakes  greater  than  the  uri¬ 
nary  excretion  threshold  provide  little  or  no  increase  in  the  ascor¬ 
bate  body  pool  (Baker  et  al.,  1969;  Kallner  et  al.,  1979).  A  vitamin  C 
intake  that  meets  the  above  criteria  is  estimated  from  a  controlled 
vitamin  C  dose-response  study  described  below. 

Depletion-Repletion  Study 

The  requirement  for  vitamin  C  based  on  the  above  criteria  can  be 
estimated  from  the  data  reported  by  Levine  et  al.  (1996a)  in  which 
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plasma,  neutrophil,  and  urinary  ascorbate  concentrations  were  de¬ 
termined  during  vitamin  C  depletion  and  repletion  to  steady-state. 
The  rigorous  criteria  for  achieving  steady-state  plasma  concentra¬ 
tions  (five  daily  samples  that  varied  less  than  or  equal  to  10  per¬ 
cent)  make  the  Levine  et  al.  (1996a)  data  unique  among  depletion- 
repletion  studies. 

Seven  apparently  healthy  male  volunteers,  aged  20  to  26  years, 
were  studied  as  in-patients  for  4  to  6  months.  Subjects  were  depleted 
by  being  fed  a  diet  containing  less  than  5  mg/ day  vitamin  C.  Deple¬ 
tion  was  defined  as  completed  when  plasma  vitamin  C  concentra¬ 
tions  ranged  from  5  to  10  yimol/L  (0.1  to  0.2  mg/dL)  without  signs 
or  symptoms  of  scurvy.  For  repletion,  seven  consecutive  doses  of 
vitamin  C  (30,  60,  100,  200,  400,  1,000,  and  2,500  mg/day)  were 
given  sequentially  until  steady-state  plasma  and  leukocyte  (neutro¬ 
phils,  monocytes,  and  lymphocytes)  vitamin  C  concentrations  were 
achieved  at  each  dosage.  The  results  for  plasma  and  neutrophil 
concentrations  can  be  seen  in  Figures  5-3  and  5-4,  and  Table  5-10. 

As  seen  in  Figure  5-4  and  Table  5-10,  the  ascorbate  saturation 
concentration  in  neutrophils  was  approximately  1.3  mmol/L.  This 
was  attained  by  four  of  the  seven  subjects  at  a  vitamin  C  intake  of 
100  mg/day.  Monocytes  and  lymphocytes  also  reached  maximum 
concentrations  at  100  mg/day  (Levine  et  al.,  1996a).  However,  at 
neutrophil  saturation,  about  25  percent  of  the  doses  were  excreted 
in  the  urine,  whereas  at  60  percent  of  maximum  ascorbate  (dose  of 
60  mg/day),  essentially  no  ascorbate  was  excreted. 

No  data  from  the  Levine  at  al.  (1996a)  study  are  available  for 
vitamin  C  intakes  between  60  and  100  mg/day.  However,  because 
60  percent  of  maximal  ascorbate  concentration  in  neutrophils 
would  provide  less  antioxidant  protection  than  80  or  100  percent 
(Figure  5-2)  (Anderson  and  Lukey,  1987),  and  since  25  percent  of 
the  dose  is  excreted  at  100  percent  of  maximum  neutrophil  ascor¬ 
bate  concention,  the  midpoint  80  percent  of  maximum  (1.0  mmol/ 
L)  was  chosen.  This  is  assuming  that  antioxidant  protection  in  this 
range  is  linear.  This  point  should  better  estimate  an  approximate 
neutrophil  target  concentration  that  fulfills  the  criteria  of  adequate 
in  vivo  antioxidant  protection  with  little  or  no  urinary  loss.  From 
the  equation  of  Figure  5-4,  80  percent  of  maximal  neutrophil  con¬ 
centration  (1.0  mmol/L)  is  equivalent  to  a  vitamin  C  intake  of  about 
75  mg/ day.  This  represents  an  EAR,  because  80  percent  (1.0  mmol/ 
L)  neutrophil  concentration  is  an  average  value,  estimated  by  re¬ 
gression  analysis,  for  the  men  consuming  75  mg/day  of  vitamin  C  as 
shown  in  Table  5-10. 


VITAMIN  C 


145 


TABLE  5-10  Intracellular  Ascorbic  Acid  Concentration  in 
Neutrophils  of  Depleted  Subjects  Given  Increasing  Doses  of 
Vitamin  C  (mmol/L) 

Dose 


30  60  75  100  200  400  1,000  2,500 

Subject  mg  mg  mgfl  mg  mg  mg  mg  mg 


1 

Mean 

0.60 

0.96 

1.15 

1.36 

1.32 

1.26 

1.36 

_ 

SD& 

0.01 

0.01 

0.02 

0.03 

0.50 

0.03 

- 

2 

Mean 

0.42 

0.50 

0.67 

1.13 

1.24 

1.12 

1.63 

_ 

SD 

0.01 

0.02 

0.06 

0.05 

0.08 

0.15 

- 

3 

Mean 

1.18 

0.83 

1.19 

1.33 

1.43 

_ 

_ 

_ 

SD 

0.30 

0.50 

0.10 

0.90 

- 

- 

- 

4 

Mean 

0.58 

0.75 

1.03 

1.35 

1.11 

1.56 

1.23 

1.28 

SD 

0.03 

0.04 

0.10 

0.05 

0.06 

0.08 

1.12 

5 

Mean 

0.57 

1.10 

1.21 

1.30 

_ 

1.40 

1.48 

1.44 

SD 

0.02 

0.05 

0.03 

- 

0.05 

0.11 

0.13 

6 

Mean 

0.61 

0.93 

1.01 

1.24 

_ 

0.96 

0.95 

_ 

SD 

0.01 

0.03 

0.05 

- 

0.14 

0.16 

- 

7 

Mean 

0.42 

0.54 

0.77 

1.02 

1.46 

_ 

1.23 

_ 

SD 

0.01 

0.02 

0.05 

0.12 

- 

0.06 

- 

Average 

0.63 

0.81 

1.00 

1.25 

1.31 

1.26 

1.31 

1.36 

SD 

0.26 

0.20 

0.12 

0.13 

0.23 

0.21 

0.80 

°  These  values  are  neutrophil  ascorbate  concentrations  corresponding  to  an  intake  of 
75  mg/d  calculated  for  each  individual  by  regression  analysis. 

^  SD  =  standard  deviation. 

SOURCE:  Levine  etal.  (1996b). 


Relevancy  of  Above  EAR  to  Other  Possible  Vitamin  C  Biomarkers 

Scurvy .  As  discussed  earlier,  scurvy  occurs  at  plasma  concentra¬ 
tions  of  less  than  10  pmol/L.  At  an  EAR  of  75  mg/ day,  scurvy  would 
be  prevented  for  more  than  a  month  if  vitamin  C  ingestion  were  to 
cease  suddenly  (Levine  et  al.,  1996b). 

Body  Pool  Saturation.  Kallner  et  al.  (1979)  previously  reported 
that  the  body  pool  of  vitamin  C  was  saturated  at  an  intake  of  100 
mg/ day  in  healthy  non-smoking  men;  thus,  an  average  intake  at  the 
EAR  of  75  mg/ day  would  not  provide  body  pool  saturation  of  vita¬ 
min  C. 
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Antioxidant  Role .  At  a  vitamin  C  intake  of  90  mg/day,  the  plasma 
ascorbate  concentration  reaches  50  pmol/L  which  has  been  shown 
to  inhibit  LDL  oxidation  in  vitro  in  both  cellular  and  cell  free  sys¬ 
tems  (Jialal  et  al.,  1990).  Although  it  is  not  known  whether  vitamin 
C  prevents  LDL  oxidation  in  vivo,  if  it  does  this  might  be  relevant  in 
the  prevention  of  heart  disease  (Jialal  et  al.,  1990).  Also,  as  dis¬ 
cussed  earlier,  since  neutrophils  are  at  80  percent  saturation  at  an 
EAR  of  75  mg/day,  this  should  potentially  protect  intracellular  pro¬ 
teins  from  oxidative  injury  when  these  cells  are  activated  during 
infectious  and  inflammatory  processes  (Anderson  and  Lukey,  1987; 
Halliwelletal.,  1987). 

Plasma  Vitamin  C  Concentrations.  Based  on  data  from  the  Third 
National  Health  and  Nutrition  Examination  Survey  (NHANES  III), 
although  more  than  75  percent  of  adult  men  have  dietary  vitamin  C 
intakes  higher  than  the  EAR  of  75  mg/day  (Appendix  Table  C-l), 
only  50  percent  have  plasma  vitamin  C  concentrations  greater  than 
38  pmol/L  (0.67  mg/dL)  (Appendix  Table  F-l).  This  plasma  con¬ 
centration  is  estimated  from  the  data  of  Levine  et  al.  (1996a)  to 
correspond  to  an  intake  of  75  mg/day  of  vitamin  C  (Figure  5-3). 
This  finding  is  not  surprising  since  the  NHANES  III  vitamin  C  plasma 
concentrations  are  for  both  smokers  and  nonsmokers,  and  it  is 
known  that  plasma  vitamin  C  concentrations  are  reduced  by  about 
40  percent  in  male  smokers  (Pelletier,  1977;  Weber  et  al.,  1996).  In 
addition,  as  discussed  in  the  earlier  section  “Environmental  Tobacco 
Smoke,”  exposure  of  nonsmokers  to  environmental  tobacco  smoke 
can  result  in  a  decline  in  plasma  ascorbate  concentrations  (Tribble 
et  al.,  1993;  Valkonen  and  Kuusi,  1998).  Findings  from  the  first 
three  years  (1988  to  1991)  of  NHANES  III  indicate  that  38  percent 
of  the  participants  were  smokers  and  an  additional  23  percent  were 
nonsmokers  exposed  to  environmental  tobacco  smoke  at  home  or 
work  (Pirkle  et  al.,  1996). 

Vitamin  C  EAR  and  RDA  Summary,  Ages  1 9  through  50  Years 

Based  on  vitamin  C  intakes  sufficient  to  maintain  near-maximal 
neutrophil  concentrations  with  minimal  urinary  loss,  the  data  of 
Levine  et  al.  (1996a)  support  an  EAR  of  75  mg/ day  of  vitamin  C  for 
men.  Since  the  data  were  based  on  men  and  no  similar  data  are 
available  for  women  at  the  present  time,  it  is  assumed  that  women 
will  have  a  lower  requirement  due  to  their  smaller  lean  body  mass, 
total  body  water,  and  body  size.  This  assumption  is  supported  by  the 
findings  previously  discussed  that  women  maintain  higher  plasma 
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ascorbate  concentrations  than  men  at  a  given  vitamin  C  intake. 
Thus,  the  requirement  for  women  is  extrapolated  based  on  body 
weight  differences  from  those  established  for  men  (see  Table  1-1). 

EAR  for  Men 

19-30  years  75  mg  (426  jimol)/day  of  vitamin  C 

31-50  years  75  mg  (426  pmol)/day  of  vitamin  C 

EAR  for  Women 

19-30  years  60  mg  (341  pmol)/day  of  vitamin  C 

31-50  years  60  mg  (341  pmol)/day  of  vitamin  C 

The  RDA  for  vitamin  C  is  set  by  assuming  a  coefficient  of  variation 
(CV)  of  10  percent  (see  Chapter  1)  because  information  is  not  avail¬ 
able  on  the  standard  deviation  of  the  requirement  for  vitamin  C; 
the  RDA  is  defined  as  equal  to  the  EAR  plus  twice  the  CV  to  cover 
the  needs  of  97  to  98  percent  of  the  individuals  in  the  group  (there¬ 
fore,  for  vitamin  C  the  RDA  is  120  percent  of  the  EAR).  Due  to  the 
many  assumptions  and  approximations  involved,  the  RDA  for  wom¬ 
en  is  rounded  up  to  75  mg  from  its  calculated  value  of  72  mg/day. 

RDA  for  Men 

19-30  years  90  mg  (511  pmol)/ day  of  vitamin  C 

31-50  years  90  mg  (51 1  pmol)/day  of  vitamin  C 

RDA  for  Women 

19-30  years  75  mg  (426  pmol)/day  of  vitamin  C 

31-50  years  75  mg  (426  pmol)/day  of  vitamin  C 

Adults  Ages  51  Years  and  Older 

Evidence  Considered  in  Estimating  the  Average  Requirement 

Some  cross-sectional  studies  have  shown  that  vitamin  C  status,  as 
measured  by  plasma  and  leukocyte  ascorbate  concentrations,  is  low¬ 
er  in  the  elderly,  especially  institutionalized  elderly,  than  in  young 
adults  (Burr  et  al.,  1974;  Cheng  et  al.,  1985).  Low  blood  vitamin  C 
concentrations  in  institutionalized  and  chronically  ill  elderly  were 
normalized  to  those  of  active  elderly  and  young  adults  by  increasing 
their  dietary  vitamin  C  intake,  suggesting  that  the  low  levels  were 
primarily  due  to  poor  intake  (Newton  et  al.,  1985) .  However,  Davies 
et  ah  (1984)  found  that  intestinal  absorption  of  a  500-mg  oral  dose 
of  ascorbic  acid,  as  measured  by  urinary  ascorbate  excretion,  was 
significantly  less  in  elderly  (mean  age  83  years)  than  in  younger 
subjects  (mean  age  22  years) .  Although  this  dose  (500  mg/day)  was 
about  5  times  higher  than  the  vitamin  C  intake  of  many  elderly 
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individuals,  it  prompted  the  suggestion  that  impaired  intestinal  ab¬ 
sorption  may  be  an  important  causative  factor  in  low  blood  concen¬ 
trations  of  vitamin  C  in  the  elderly. 

However,  other  studies,  both  cross-sectional  and  longitudinal,  of 
apparently  healthy,  well-nourished  elderly  populations  in  the  Unit¬ 
ed  States  have  not  found  evidence  of  a  greater  incidence  of  vitamin 
C  deficiency  among  the  elderly  compared  to  young  adults  and  no 
decrease  in  plasma  ascorbate  with  advancing  age  (Garry  et  ah,  1982, 
1987;  Jacob  et  ah,  1988).  Measurement  of  plasma,  leukocyte,  and 
urine  ascorbate  concentrations  in  a  series  of  studies  in  elderly  and 
young  men  and  women  showed  no  differences  due  to  age  (Blan¬ 
chard,  1991a;  Blanchard  et  ah,  1989,  1990a, b).  These  studies  in¬ 
cluded  pharmacokinetic  measures  related  to  vitamin  C  absorption, 
depletion,  repletion,  and  renal  clearance.  Consistent  with  these 
findings,  a  later  study  that  measured  maximal  renal  tubular  reab¬ 
sorption  and  excretion  thresholds  of  ascorbic  acid  in  apparently 
healthy  elderly  and  young  adults  found  no  differences  in  renal  han¬ 
dling  of  the  vitamin  between  the  two  groups  (Oreopoulos  et  ah, 
1993). 

Older  age  groups,  both  men  and  women,  have  decreased  lean 
body  mass  compared  to  younger  individuals  and  thus,  potentially  a 
lower  requirement  for  vitamin  C.  However,  the  vitamin  C  require¬ 
ment  of  the  elderly  may  be  increased  due  to  the  oxidative  stress  of 
inflammatory  and  infectious  conditions  often  found  in  this  popula¬ 
tion  (Cheng  et  ah,  1985).  As  previously  discussed,  older  adults  have 
similar  or  lower  plasma  ascorbate  concentrations  than  young  adults. 
Therefore,  the  estimated  requirement  for  vitamin  C  for  individuals 
51  years  and  older  will  remain  the  same  as  that  of  the  younger  adult. 

Vitamin  C  EAR  and  RDA  Summary ,  Ages  51  Years  and  Older 

In  summary,  no  consistent  differences  in  the  absorption  or  me¬ 
tabolism  of  ascorbic  acid  due  to  aging  have  been  demonstrated  at 
median  vitamin  C  intakes.  This  suggests  that  the  reports  of  low 
blood  vitamin  C  concentrations  in  elderly  populations  may  be  due 
to  poor  dietary  intakes,  chronic  disease  or  debilitation,  or  other 
factors,  rather  than  an  effect  of  aging  per  se.  Therefore,  for  the 
older  adults,  no  additional  vitamin  C  allowance  beyond  that  of 
younger  adults  is  warranted. 

EAR  for  Men 

51-70  years  75  mg  (426  pmol)/day  of  vitamin  C 

>70  years  75  mg  (426  pmol)/day  of  vitamin  C 


VITAMIN  C 


149 


EAR  for  Women 

51-70  years  60  mg  (341  pmol)/day  of  vitamin  C 

>70  years  60  mg  (341  pmol)/day  of  vitamin  C 

The  RDA  for  vitamin  C  is  set  by  assuming  a  coefficient  of  variation 
(CV)  of  10  percent  (see  Chapter  1)  because  information  is  not  avail¬ 
able  on  the  standard  deviation  of  the  requirement  for  vitamin  C; 
the  RDA  is  defined  as  equal  to  the  EAR  plus  twice  the  CV  to  cover 
the  needs  of  97  to  98  percent  of  the  individuals  in  the  group  (there¬ 
fore,  for  vitamin  C  the  RDA  is  120  percent  of  the  EAR) .  As  with  the 
RDA  for  younger  women,  the  calculated  RDA  of  72  mg  has  been 
rounded  up  to  75  mg/ day. 


RDA  for  Men 

51-70  years 
>70  years 
RDA  for  Women 

51-70  years 
>70  years 


90  mg  (511  |imol)/day  of  vitamin  C 
90  mg  (511  pmol)/day  of  vitamin  C 

75  mg  (426  pmol)/day  of  vitamin  C 
75  mg  (426  pmol)/day  of  vitamin  C 


Pregnancy 

Evidence  Considered  in  Estimating  the  Average  Requirement 

Plasma  vitamin  C  concentration  decreases  with  the  progression  of 
pregnancy,  probably  secondary  to  hemodilution  (Morse  et  al.,  1975) 
as  well  as  active  transfer  to  the  fetus  (Choi  and  Rose,  1989).  This 
decrease  in  plasma  concentration  has  not  been  shown  to  be  associ¬ 
ated  with  poor  pregnancy  outcomes.  The  placenta  apparently  clears 
oxidized  ascorbic  acid  from  the  maternal  circulation  and  delivers  it 
in  the  reduced  form  to  the  fetus  (Choi  and  Rose,  1989).  Ascorbic 
acid  deficiency  during  pregnancy  is  associated  with  increased  risk  of 
infections,  premature  rupture  of  the  membranes  (Casanueva  et  al., 
1993;  Pfeffer  et  al.,  1996),  premature  birth  (Casanueva  et  al.,  1993; 
Tlaskal  and  Novakova,  1990),  and  eclampsia  (Jendryczko  and 
Tomala,  1995) .  In  addition,  both  serum  and  amniotic  fluid  concen¬ 
trations  of  ascorbic  acid  are  decreased  in  pregnant  smokers  com¬ 
pared  to  nonsmokers  (Barrett  et  al.,  1991). 


Vitamin  C  EAR  and  RDA  Summary ,  Pregnancy 

Although  the  amount  of  vitamin  C  required  by  the  growing  fetus 
is  unknown,  it  is  known  that  maternal  plasma  vitamin  C  concentra- 
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tion  decreases  with  the  progression  of  pregnancy  due  to  hemodilu- 
tion  as  well  as  active  transfer  to  the  fetus.  Therefore,  in  order  to 
transfer  adequate  vitamin  C  to  the  fetus,  additional  vitamin  C  is 
needed  during  pregnancy.  In  the  absence  of  data  on  near  maximal 
neutrophil  saturation  during  pregnancy,  the  method  of  determin¬ 
ing  the  EAR  for  pregnancy  is  based  on  adding  the  EAR  for  near- 
maximal  neutrophil  concentration  of  the  nonpregnant  woman  to 
the  amount  of  vitamin  C  necessary  to  transfer  adequate  vitamin  C 
to  the  fetus.  In  the  absence  of  precise  data  regarding  transfer  of 
maternal  vitamin  C  to  the  fetus,  and  with  the  knowledge  that  intakes 
of  7  mg/day  of  vitamin  C  will  prevent  young  infants  from  develop¬ 
ing  scurvy  (Goldsmith,  1961;  Rajalakshmi  et  al.,  1965;  van  Eekelen, 
1953),  the  EAR  for  pregnancy  was  estimated  to  increase  10  mg/day 
over  the  vitamin  C  requirement  for  the  nonpregnant  woman. 

EAR  for  Pregnancy 

14-18  years  66  mg  (375  pmol)/day  of  vitamin  C 

19-30  years  70  mg  (398  pmol)/day  of  vitamin  C 

31-50  years  70  mg  (398  pmol)/day  of  vitamin  C 

The  RDA  for  vitamin  C  is  set  by  assuming  a  coefficient  of  variation 
(CV)  of  10  percent  (see  Chapter  1)  because  information  is  not  avail¬ 
able  on  the  standard  deviation  of  the  requirement  for  vitamin  C; 
the  RDA  is  defined  as  equal  to  the  EAR  plus  twice  the  CV  to  cover 
the  needs  of  97  to  98  percent  of  the  individuals  in  the  group  (there¬ 
fore,  for  vitamin  C  the  RDA  is  120  percent  of  the  EAR).  The  calcu¬ 
lated  values  for  the  pregnancy  RDA  have  been  rounded  up  to  the 
nearest  5  mg. 

RDA  for  Pregnancy 

14-18  years  80  mg  (454  pmol)/day  of  vitamin  C 

19-30  years  85  mg  (483  pmol)/day  of  vitamin  C 

31-50  years  85  mg  (483  pmol)/day  of  vitamin  C 

Special  Considerations 

Certain  subpopulations  of  pregnant  women  may  have  increased 
requirements  for  vitamin  C.  This  group  includes  users  of  street 
drugs  and  cigarettes,  heavy  users  of  alcohol,  and  regular  users  of 
aspirin  (Flodin,  1988).  Women  who  smoke  more  than  20  cigarettes 
per  day  may  require  twice  as  much  vitamin  C  as  nonsmokers  to 
maintain  a  replete  body  pool  of  vitamin  C  (Kallner  et  al.,  1981).  It 
has  been  reported  that  plasma  vitamin  C  in  pregnant  smokers  ex- 
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hibited  an  indirect  correlation  with  the  breath  content  of  ethane,  a 
volatile  marker  of  lipid  peroxidation,  even  though  the  pregnant 
women  were  receiving  supplements  with  320  mg/ day  of  vitamin  C 
(Schwarz  et  al.,  1995).  Thus,  pregnant  women  in  these  special  sub¬ 
populations  should  consume  additional  vitamin  C. 

Lactation 

Evidence  Considered  in  Estimating  the  Average  Requirement 

As  indicated  earlier,  infants  fed  human  milk  are  estimated  to  con¬ 
sume  on  average  40  mg/day  vitamin  C  during  the  first  6  months  of 
life.  Salmenpera  (1984)  reported  that  the  vitamin  C  intake  of  47 
mothers  during  prolonged  lactation  ranged  from  48  to  277  mg/ 
day,  mean  138  mg/day.  Three  mothers  in  this  study  who  consumed 
less  than  100  mg/day  of  vitamin  C  demonstrated  plasma  ascorbate 
values  below  the  lower  limit  of  normal  [less  than  10  pmol/L  (0.2 
mg/dL)].  Women  who  consumed  100  to  199  mg/day  of  vitamin  C 
produced  milk  with  100  mg/L  of  vitamin  C  (Byerley  and  Kirksey, 
1985).  Maternal  vitamin  C  intake  in  excess  of  200  mg/day  resulted 
in  increased  urinary  excretion  of  vitamin  C  but  did  not  increase  the 
content  of  the  vitamin  in  human  milk  (Byerley  and  Kirksey,  1985). 
It  is  thought  that  a  regulatory  mechanism  in  the  mammary  gland 
prevents  the  elevation  of  milk  vitamin  C  concentrations  beyond  that 
level  seen  when  urinary  execretion  increases  representing  blood 
saturation  (Byerley  and  Kirksey,  1985). 

Vitamin  C  EAR  and  RDA  Summary ,  Lactation 

To  estimate  the  EAR  for  lactation,  the  average  vitamin  C  pro¬ 
duced  in  milk,  40  mg/day  during  the  first  6  months  of  lactation,  is 
added  to  the  EAR  for  the  nonlactating  women.  Although  the  vita¬ 
min  C  content  of  human  milk  declines  with  length  of  lactation  and 
milk  volume  declines  with  the  addition  of  solid  foods,  the  EAR  is 
not  decreased  for  longer  periods  of  lactation. 

EAR  for  Lactation 

14-18  years  96  mg  (545  pmol)/day  of  vitamin  C 

19-30  years  100  mg  (568  pmol)/day  of  vitamin  C 

31-50  years  100  mg  (568  pmol)/day  of  vitamin  C 

The  RDA  for  vitamin  C  is  set  by  assuming  a  coefficient  of  variation 
(CV)  of  10  percent  (see  Chapter  1)  because  information  is  not  avail- 
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able  on  the  standard  deviation  of  the  requirement  for  vitamin  C; 
the  RDA  is  defined  as  equal  to  the  EAR  plus  twice  the  CV  to  cover 
the  needs  of  97  to  98  percent  of  the  individuals  in  the  group  (there¬ 
fore,  for  vitamin  C  the  RDA  is  120  percent  of  the  EAR). 

RDA  for  Lactation 

14-18  years  115  mg  (653  pmol)/day  of  vitamin  C 

19-30  years  120  mg  (682  pmol)/day  of  vitamin  C 

31-50  years  120  mg  (682  pmol)/day  of  vitamin  C 

Special  Considerations 

Smokers 

Evidence  that  smokers  have  lower  vitamin  C  status  than  nonsmok¬ 
ers,  even  with  comparable  vitamin  C  intakes,  is  summarized  in  the 
preceding  section  “Factors  Affecting  the  Vitamin  C  Requirement.” 
The  data  also  show  that  the  metabolic  turnover  of  ascorbate  in  smok¬ 
ers  is  about  35  mg/day  greater  than  in  nonsmokers  (Kallner  et  al., 
1981),  apparently  due  to  increased  oxidative  stress  and  other  meta¬ 
bolic  differences.  These  findings  indicate  that  smokers  need  addi¬ 
tional  vitamin  C  to  provide  comparable  nutriture  to  nonsmokers. 

From  analysis  of  NHANES  II  data  on  vitamin  C  intakes  and  serum 
concentrations,  Schectman  et  al.  (1991)  estimated  that  the  average 
intake  of  smokers  needed  to  be  at  least  200  mg/day  of  vitamin  C  in 
order  to  attain  serum  ascorbate  concentrations  equivalent  to  those 
of  nonsmokers  who  meet  the  1989  RDA  of  60  mg/day  (NRC,  1989) . 
Use  of  population  survey  data  to  estimate  an  increased  ascorbate 
requirement  for  smokers  is  questionable,  because  the  cause  and 
significance  of  the  observed  differences  in  serum  ascorbate  concen¬ 
trations  between  smokers  and  nonsmokers  are  largely  unknown. 

From  in  vitro  data  on  the  loss  of  ascorbate  in  plasma  exposed  to 
cigarette  smoke,  it  was  estimated  that  one  cigarette  may  consume 
about  0.8  mg  of  ascorbate,  or  about  32  mg/day  for  a  two-pack-a-day 
smoker  (Cross  and  Halliwell,  1993).  More  precise  data  were  ob¬ 
tained  from  an  experimental  study  of  17  apparently  healthy  male 
smokers  who  were  administered  radiolabeled  tracer  ascorbic  acid  at 
steady-state  intakes  of  30  to  180  mg/day  to  allow  kinetic  calcula¬ 
tions  of  ascorbate  metabolism  and  body  pools.  Results  were  com¬ 
pared  with  a  similar  protocol  for  nonsmokers  (Kallner  et  al.,  1979, 
1981).  Metabolic  turnover  of  the  vitamin  was  about  35  mg/day 
greater  in  smokers  than  in  nonsmokers.  Thus,  to  obtain  a  near  max¬ 
imal  steady-state  ascorbate  body  pool  equivalent  to  that  of  nonsmok- 
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ers,  smokers  would  require  an  additional  35  mg/ day  of  vitamin  C 
over  that  needed  by  nonsmokers. 

Passive  Smokers 

Environmental  or  sidestream  tobacco  smoke  provokes  oxidant 
damage  similar  to  mainstream  cigarette  smoke  (Bermudez  et  al., 
1994;  Pryor  et  al.,  1983).  Hypovitaminosis  C  (plasma  ascorbate  con¬ 
centrations  less  than  23  pmol/L  [0.5  mg/dL])  was  found  in  24 
percent  of  the  active  smokers  and  12  percent  of  passive  smokers 
and  indicated  that  both  passive  and  active  smoke  exposure  lowered 
body  ascorbate  pools  (Tribble  et  al.,  1993).  Exposure  of  nonsmok¬ 
ers  to  secondhand  smoke  for  30  minutes  in  a  smoke-filled  room 
resulted  in  a  significant  decline  in  serum  ascorbate,  increased  lipid 
peroxidation,  and  oxidatively  modified  low-density  lipoprotein 
(LDL)  (Valkonen  and  Kuusi,  1998).  Although  the  above  data  are 
insufficient  to  estimate  a  special  requirement  for  nonsmokers  regu¬ 
larly  exposed  to  tobacco  smoke,  these  individuals  are  urged  to  en¬ 
sure  that  they  meet  the  Recommended  Dietary  Allowance  (RDA) 
for  vitamin  C. 

Exercise  and  Stress 

The  role  of  ascorbate  as  a  cofactor  for  biosynthesis  of  carnitine, 
steroid  hormones,  and  neurotransmitters  provides  a  theoretical  ba¬ 
sis  for  increased  requirements  of  the  vitamin  in  persons  under  ex¬ 
cessive  physical  and  emotional  stress.  Studies  of  vitamin  C  status 
and  physical  activity  in  humans  have  shown  mixed  results,  such  that 
no  definitive  conclusion  regarding  vitamin  G  and  exercise  can  be 
derived  (Keith,  1994).  For  example,  Fishbaine  and  Butterfield 
(1984)  reported  that  blood  vitamin  C  was  higher  in  runners  com¬ 
pared  to  sedentary  control  subjects,  while  a  later  study  found  that 
the  vitamin  C  status  of  highly  trained  athletes  was  not  significantly 
different  from  control  subjects  (Rokitzki  et  al.,  1994).  A  cross-sec¬ 
tional  study  of  physical  activity,  fitness,  and  serum  ascorbate  in  1,600 
apparently  healthy  Irish  adults  provided  no  evidence  that  active  peo¬ 
ple  had  different  ascorbate  status  than  inactive,  and  thus  no  justifi¬ 
cation  for  supplementation  of  exercisers  (Sharpe  et  al.,  1994).  No 
substantial  evidence  that  mental  or  emotional  stress  increases  vita¬ 
min  C  turnover  or  requirement  in  apparently  healthy  persons  has 
been  reported.  In  sum,  none  of  the  above  types  of  stress  has  been 
demonstrated  to  affect  the  human  requirement  for  vitamin  C. 
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INTAKE  OF  VITAMIN  C 
Food  Sources 

Almost  90  percent  of  vitamin  C  in  the  typical  diet  comes  from 
fruits  and  vegetables,  with  citrus  fruits,  tomatoes  and  tomato  juice, 
and  potatoes  being  major  contributors  (Sinha  et  al.,  1993).  Other 
sources  include  brussel  sprouts,  cauliflower,  broccoli,  strawberries, 
cabbage,  and  spinach.  Vitamin  C  is  also  added  to  some  processed 
foods  as  an  antioxidant.  Values  for  the  vitamin  C  content  of  foods 
can  vary  depending  on  the  growing  conditions,  season  of  the  year, 
stage  of  maturity,  location,  cooking  practices,  and  storage  time  pri¬ 
or  to  consumption  (Erdman  and  Klein,  1982). 

Dietary  Intake 

Data  from  nationally  representative  U.S.  and  Canadian  surveys 
are  available  to  estimate  vitamin  C  intakes  (Appendix  Tables  C-l,  D- 
1,  and  E-l).  In  the  United  States,  the  median  dietary  intake  of  vita¬ 
min  C  by  adult  men  from  1988  to  1994  was  about  105  mg  (596 
pmol)/day  and  median  total  intake  (including  supplements,  see 
Appendix  Table  C-2)  is  about  120  mg  (682  pmol) /day.  For  women, 
the  median  intake  was  estimated  to  be  90  mg  (511  pmol)/day  and 
median  total  intake  (including  supplements)  is  about  108  mg  (613 
pmol)/day.  (See  Chapter  9  for  vitamin  C  intake  of  men  and  women 
who  smoke.)  In  Canada,  the  median  dietary  intake  of  vitamin  C  for 
adult  men  and  woman  was  lower  than  in  the  United  States  with 
intake  estimated  to  be  about  70  mg  (397  pmol)/day  (Appendix 
Table  E-l).  Although  most  Americans  consume  fewer  than  the  min¬ 
imum  of  five  daily  servings  of  fruits  and  vegetables  recommended 
by  the  U.S.  Department  of  Agriculture  and  the  National  Cancer 
Institute,  estimated  median  daily  vitamin  C  consumption  is  above 
the  Estmated  Average  Requirement  (EAR).  Five  servings  of  most 
fruits  and  vegetables  provide  more  than  200  mg  (1,136  pmol)/day 
of  vitamin  C  per  day. 

The  Boston  Nutritional  Status  Survey  of  the  Elderly  estimated  that 
among  this  relatively  advantaged  group  of  people  over  aged  60, 
those  who  were  not  taking  supplements  had  a  median  vitamin  C 
intake  of  132  mg/ day  for  males  and  128  mg/ day  for  females  (Hartz 
et  al.,  1992). 
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Intake  from  Supplements 

Information  from  the  Boston  Nutritional  Status  Survey  of  the  Eld¬ 
erly  estimated  that  35  and  44  percent  of  the  males  and  females, 
respectively,  took  some  form  of  vitamin  C  supplements;  while  19 
percent  of  males  and  15  percent  of  females  surveyed  who  took  sup¬ 
plements  had  intakes  greater  than  1,000  mg  (5,680  pmol)  /day.  Ap¬ 
proximately  31  percent  of  all  adults  in  one  1986  survey  reported 
taking  a  vitamin  C  supplement  (Moss  et  al.,  1989).  Total  vitamin  C 
intakes  from  food  plus  supplements  from  the  Third  National  Health 
and  Nutrition  Examination  Survey  (NHANES  III)  are  found  in  Ap¬ 
pendix  Table  C-2. 

TOLERABLE  UPPER  INTAKE  LEVELS 

The  Tolerable  Upper  Intake  Level  (UL)  is  the  highest  level  of 
daily  nutrient  intake  that  is  likely  to  pose  no  risk  of  adverse  health 
effects  in  almost  all  individuals.  Although  members  of  the  general 
population  should  be  advised  not  to  exceed  the  UL  routinely,  in¬ 
take  above  the  UL  may  be  appropriate  for  investigation  within  well- 
controlled  clinical  trials.  In  light  of  evaluating  possible  benefits  to 
health,  clinical  trials  of  doses  above  the  UL  should  not  be  discour¬ 
aged,  as  long  as  subjects  participating  in  these  trials  have  signed 
informed  consent  documents  regarding  possible  toxicity  and  as  long 
as  these  trials  employ  appropriate  safety  monitoring  of  trial  sub¬ 
jects.  Also,  the  UL  is  not  meant  to  apply  to  individuals  who  are 
receiving  vitamin  C  under  medical  supervision. 

Hazard  Identification 


Adverse  Effects 

Many  people  believe  vitamin  C  to  be  nontoxic  and  beneficial  to 
health;  therefore,  the  vitamin  is  often  taken  in  large  amounts.  There 
is  no  evidence  suggesting  that  vitamin  C  is  carcinogenic  or  teratoge¬ 
nic  or  that  it  causes  adverse  reproductive  effects.  Reviews  of  high 
vitamin  C  intakes  have  indicated  low  toxicity  (Johnston,  1999);  ad¬ 
verse  effects  have  been  reported  primarily  after  very  large  doses 
(greater  than  3  g/day).  Data  show  litde  increase  in  plasma  steady- 
state  concentrations  at  intakes  above  200  mg/day  (Figure  5-3) ,  and 
saturable  intestinal  absorption  and  renal  tubular  reabsorption  data 
suggest  that  overload  of  ascorbic  acid  is  unlikely  in  humans  (Blan¬ 
chard  et  al.,  1997;  Levine  et  al.,  1996a).  Possible  adverse  effects 
associated  with  very  high  intakes  have  been  reviewed  and  include: 
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diarrhea  and  other  gastrointestinal  disturbances,  increased  oxalate 
excretion  and  kidney  stone  formation,  increased  uric  acid  excre¬ 
tion,  pro-oxidant  effects,  systemic  conditioning  (“rebound  scurvy”), 
increased  iron  absorption  leading  to  iron  overload,  reduced  vita¬ 
min  B12  and  copper  status,  increased  oxygen  demand,  and  erosion 
of  dental  enamel  (Hornig  and  Moser,  1981;  Rivers,  1987).  The  data 
on  these  adverse  effects  are  reviewed  below.  The  UL  for  vitamin  C 
applies  to  intake  from  both  food  and  supplements. 

Gastrointestinal  Effects.  Gastrointestinal  disturbances  such  as  nau¬ 
sea,  abdominal  cramps,  and  diarrhea  are  the  most  common  adverse 
effects  of  high  vitamin  C  intake  (Hoffer,  1971).  These  effects  arc 
attributed  to  the  osmotic  effect  of  unabsorbed  vitamin  C  passing 
through  the  intestine.  Intestinal  absorption  of  ascorbic  acid  occurs 
by  a  saturable  process  (Rumsey  and  Levine,  1998;  Tsao,  1997).  The 
remainder  is  not  absorbed  and  is  eliminated  in  the  stool.  The  evi¬ 
dence  of  gastrointestinal  disturbances  following  high  vitamin  C 
intakes  is  primarily  from  uncontrolled  case  reports  (Hoffer,  1971; 
Hoyt,  1980).  However,  some  studies  have  been  conducted  to  evalu¬ 
ate  gastrointestinal  effects.  Cameron  and  Campbell  (1974)  report¬ 
ed  diarrhea,  transient  colic,  and  flatulent  distension  in  normal 
healthy  volunteers  at  doses  of  3  to  4  g/ day.  Another  study,  which 
evaluated  the  adverse  effects  of  1-,  5-,  and  10-g/day  supplemental 
ascorbate  for  5  days  in  apparently  healthy  adults,  reported  diarrhea 
in  2  of  15  subjects  at  10  g/day  (Wandzilak  et  al.,  1994).  Stein  et  ah 
(1976)  reported  mild  diarrhea  in  one  of  three  subjects  following 
ingestion  of  4  g  of  ascorbic  acid. 

Increased  Oxalate  Excretion  and  Kidney  Stone  Formation.  Controver¬ 
sy  exists  as  to  whether  increased  intake  of  vitamin  C  can  significant¬ 
ly  increase  urinary  excretion  of  oxalate  and,  therefore,  lead  to  an 
increase  in  the  potential  for  renal  calcium  oxalate  stone  formation. 
The  findings  from  studies  evaluating  the  effect  of  vitamin  C  intake 
(0.03  to  10  g/day)  on  urinary  oxalate  excretion  in  apparently 
healthy  individuals  are  conflicting  (Hughes  et  ah,  1981;  Lamden 
and  Chrystowski,  1954;  Levine  et  ah,  1996a;  Mitch  et  ah,  1981; 
Schmidt  et  ah,  1981;  Tiselius  and  Almgard,  1977;  Tsao  and  Salimi, 
1984;  Wandzilak  et  ah,  1994).  An  intervention  study  by  Hughes  et 
ah  (1981)  reported  significant  increases  in  mean  urinary  oxalate 
excretion  in  39  apparently  healthy  adults  consuming  1,  3,  6,  and  9 
g/day  of  ascorbic  acid.  However,  Tsao  and  Salimi  (1984)  reported 
normal  plasma  oxalate  concentrations  in  healthy  subjects  ingesting 
3-10  g/day  of  ascorbic  acid  for  at  least  two  years,  and  no  significant 
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change  in  urinary  oxalate  excretion  in  five  of  six  subjects  who  con¬ 
sumed  10  g/day  of  vitamin  C  over  1  day.  Levine  et  al.  (1996a) 
showed  increased  urinary  oxalate  excretion  in  apparently  healthy 
male  volunteers  consuming  1  g/day  of  ascorbic  acid;  however,  mean 
oxalate  concentrations  remained  within  the  reference  range.  None 
of  these  studies  showed  oxalate  excretion  above  normal. 

Reports  of  kidney  stone  formation  associated  with  excess  ascorbic 
acid  intake  are  limited  to  individuals  with  renal  disease  (see  Sauber- 
lich,  1994  for  a  review).  Data  from  epidemiological  studies  do  not 
support  an  association  between  excess  ascorbic  acid  intake  and  kid¬ 
ney  stone  formation  in  apparently  healthy  individuals  (Curhan  et 
al.,  1996, 1999;  Fellstrom  et  al.,  1989).  A  prospective  cohort  study  by 
Curhan  et  al.  (1996)  of  45,000  men  aged  40  to  70  years  with  no 
history  of  renal  calculi  showed  that  vitamin  C  intake  was  not  signifi¬ 
cantly  associated  with  the  risk  of  stone  formation.  In  fact,  the  age- 
adjusted  relative  risk  for  men  consuming  1,500  mg/day  or  more 
compared  to  less  than  250  mg/day  was  0.78.  In  addition,  vitamin  C 
intake  was  not  associated  with  kidney  stone  formation  in  women 
(Curhan  et  al.,  1999).  The  lack  of  findings  on  oxalate  excretion  and 
kidney  stone  formation  may  be  explained  by  the  limited  absorption 
of  vitamin  C  at  doses  greater  than  200  mg/day  (Levine  et  al.,  1996a). 
Because  of  the  limited  intestinal  absorption,  limited  amounts  of 
vitamin  C  are  metabolized  to  oxalate  in  the  urine.  In  addition,  the 
large  majority  of  excess  absorbed  vitamin  C  is  excreted  in  the  urine 
as  ascorbic  acid  rather  than  its  degradation  products. 

Increased  Uric  Acid  Excretion.  Similarly,  the  effect  of  high  ascorbic 
acid  intake  on  urate  excretion  has  been  studied  (Berger  et  al.,  1977; 
Fituri  et  al.,  1983;  Hatch  et  al.,  1980;  Herbert,  1978;  Levine  et  al., 
1996a;  Mitch  et  al.,  1981;  Schmidt  et  al.,  1981;  Stein  et  al.,  1976). 
Theoretically,  increased  uric  acid  excretion  could  be  an  important 
factor  in  the  formation  of  uric  acid  stones  especially  in  subjects  who 
normally  excrete  large  amounts  of  uric  acid.  The  findings  are  con¬ 
flicting.  Levine  et  al.  (1996a)  reported  significantly  increased  uric 
acid  excretion  above  the  normal  range  following  ascorbic  acid  in¬ 
takes  of  1  g/day  or  more  in  7  apparently  healthy  male  subjects. 
Another  study  reported  a  70  to  90  percent  increase  in  the  fractional 
clearance  of  uric  acid  following  a  single  4-g  dose  in  nine  subjects 
(Stein  et  al.,  1976).  Other  studies  have  shown  no  significant  effect 
of  ascorbic  acid  intakes  up  to  12  g/day  on  uric  acid  excretion  in 
apparently  healthy  subjects  (Fituri  et  al.,  1983;  Hatch  et  al.,  1980; 
Herbert,  1978;  Mitch  et  al.,  1981;  Schmidt  et  al.,  1981). 
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Excess  Iron  Absorption.  Another  possible  adverse  effect  of  high 
vitamin  C  intake  is  enhanced  iron  absorption  leading  to  iron  over¬ 
load.  Bendich  and  Cohen  (1990)  evaluated  24  studies  to  determine 
whether  daily  ascorbic  acid  intakes  (ranging  from  1  to  1,000  mg, 
with  most  in  the  10-  to  100-mg  range)  could  increase  iron  stores 
above  recommended  levels  in  apparently  healthy  individuals.  They 
found  that  vitamin  C  intakes  did  not  increase  the  number  of  high 
iron  absorbers,  and  limited  data  involving  ascorbic  acid  intakes 
above  100  mg/day  showed  no  change  in  iron  absorption  values. 
Another  study  by  Cook  et  al.  (1984)  showed  no  increase  in  iron 
stores  following  vitamin  C  intakes  up  to  2  g/ day  (taken  with  meals 
for  20  months)  in  iron-replete  subjects  who  consumed  foods  that 
contain  iron.  This  suggests  that  vitamin  C  does  not  induce  excess 
iron  absorption  in  apparently  healthy  individuals.  However,  it  is 
unknown  if  individuals  with  hereditary  hemochromatosis,  which  af¬ 
fects  between  1  in  200  and  1  in  400  persons  of  northern  European 
descent  (Bacon  et  al.,  1999),  could  be  adversely  affected  by  long¬ 
term  ingestion  of  large  doses  of  vitamin  C  (McLaran  et  al.,  1982). 

Lowered  Vitamin  BJ2  Levels.  An  in  vitro  study  showed  that  increas¬ 
ing  destruction  of  vitamin  B12  was  associated  with  increasing  vita¬ 
min  C  levels  (Herbert  and  Jacob,  1974).  However,  when  this  study 
was  performed  using  different  analytical  procedures,  no  loss  of  vita¬ 
min  B12  was  observed  (Newmark  et  al.,  1976).  In  a  review  of  the 
stability  of  cobalamins  under  varying  conditions,  Hogenkamp 
(1980)  found  that  only  aquocobalamin  was  decreased  and  destroyed 
by  ascorbic  acid.  Aquocobalamin  is  not  a  major  cobalamin  in  bio¬ 
logical  tissues.  Furthermore,  results  of  in  vivo  studies  in  human  sub¬ 
jects  have  shown  that  vitamin  C  intakes  up  to  4  g/ day  did  not  in¬ 
duce  vitamin  B12  deficiency  (Afroz  et  al.,  1975;  Ekvall  et  al.,  1981). 

Systemic  Conditioning.  Evidence  of  systemic  conditioning  (the  ac¬ 
celerated  metabolism  or  excretion  of  ascorbic  acid)  exists  from  un¬ 
controlled  observations  in  humans  following  abrupt  discontinua¬ 
tion  of  prolonged,  high-dose  vitamin  C  supplementation  (Rliead 
and  Schrauzer,  1971;  Siegel  et  al.,  1982).  Omaye  et  al.  (1986) 
showed  increased  turnover  of  plasma  ascorbic  acid  in  apparently 
healthy  human  adults  who  abruptly  decreased  their  vitamin  C  in¬ 
take  from  605  to  5  mg/day.  Two  other  studies  showed  that  high 
intakes  resulted  in  increased  clearance  but  did  not  result  in  blood 
levels  lower  than  normal  (Schrauzer  and  Rhead,  1973;  Tsao  and 
Leung,  1988).  Other  studies  have  reported  no  rebound  scurvy  or 
excessive  lowering  of  ascorbate  blood  levels  after  cessation  of  high 
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intakes  (Hoffer,  1973;  Ludvigsson  et  al.,  1979).  Evidence  that  re¬ 
bound  scurvy  may  appear  in  infants  whose  mothers  ingested  large 
doses  of  vitamin  C  during  pregnancy  is  limited  to  one  anecdotal 
report  of  2  infants  (Cochrane,  1965).  Overall,  the  evidence  is  in¬ 
consistent  and  does  not  suggest  that  systemic  conditioning  occurs 
to  any  significant  extent  in  infants  and  adults. 

Pro-oxidant  Effects.  Under  certain  conditions,  ascorbate  can  act 
as  a  pro-oxidant  by  reducing  iron  and  copper  ions,  which  catalyze 
production  of  the  hydroxyl  radical  via  Fenton  chemistry  (Buettner 
andjurkiewicz,  1996).  The  combination  of  ascorbic  acid  and  redox- 
active  (non-protein-bound)  iron  can  promote  lipid  peroxidation  in 
vitro  (Laudicina  and  Marnett,  1990).  In  vivo  however,  iron  is  bound 
to  proteins  such  as  transferrin  and  ferritin  and  therefore  is  not 
normally  available  for  such  catalytic  functions.  Nevertheless,  the 
strong  pro-oxidant  nature  of  the  iron-ascorbate  complex  in  vitro 
raises  concern  that  consumption  of  vitamin  C  supplements  by  indi¬ 
viduals  with  high  iron  stores  may  contribute  to  oxidative  damage  in 
vivo.  In  addition,  dietary  ascorbic  acid  can  enhance  the  intestinal 
absorption  of  nonheme  iron  (Hallberg,  1985). 

Concerns  for  a  possible  in  vivo  pro-oxidant  effect  of  the  iron- 
ascorbate  couple  were  heightened  by  the  report  of  a  fatal  cardiomy¬ 
opathy  in  a  patient  with  hemochromatosis  who  ingested  excessive 
vitamin  C  (McLaran  et  al.,  1982).  Also,  an  association  between  myo¬ 
cardial  infarctions  and  serum  ferritin  levels  has  been  reported  in  a 
Finnish  population  (Salonen  et  al.,  1992).  Other  studies  have  not 
supported  the  latter  finding  that  high  iron  stores  were  associated 
with  increased  risk  of  heart  disease  (Baer  et  al.,  1994)  and  have  not 
indicated  that  excess  vitamin  C  intakes  have  contributed  significant¬ 
ly  to  iron  overload  or  oxidant  damage  in  normal  healthy  people. 
Controlled  human  studies  in  which  supplemental  vitamin  C  was 
added  to  the  meals  of  apparently  healthy  adults  for  periods  of  up  to 
2  years  showed  little  or  no  change  in  iron  status  measures  including 
serum  ferritin  (Cook  et  al.,  1984;  Hunt  et  al.,  1994).  Data  on  iron- 
ascorbate  combinations  in  the  plasma  of  normal  healthy  adults  and 
preterm  infants  with  high  plasma  ascorbate  levels  showed  that  high 
plasma  ascorbate  concentrations  in  the  presence  of  redox-active 
iron  did  not  cause  either  lipid  or  protein  oxidation.  In  addition,  the 
endogenous  ascorbate  prevented  rather  than  promoted  lipid  per¬ 
oxidation  in  iron-overloaded  plasma  (Berger  et  al.,  1997). 

Similarly,  concern  for  an  in  vivo  pro-oxidant  action  of  vitamin  C 
in  concert  with  copper  has  been  suggested  but  not  substantiated. 
Possible  increased  oxidant  damage  in  premature  infants  had  been 
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attributed  to  the  effect  of  high  serum  ascorbate  levels  inhibiting 
ceruloplasmin  ferroxidase  activity,  thereby  creating  an  excess  of  re¬ 
active  ferrous  ions  (Powers  et  al.,  1995).  This  result  and  other  re¬ 
ports  of  ascorbate  inhibition  of  ceruloplasmin  ferroxidase  activity 
(Gutteridge,  1991)  have  subsequently  been  attributed  to  an  artifact 
of  using  a  nonphysiological  pH  buffer  in  the  ceruloplasmin  ferroxi¬ 
dase  assay  (L0vstad,  1997). 

Results  of  studies  testing  the  effects  of  supplemental  vitamin  C 
intake  on  markers  of  oxidant  damage  to  deoxyribonucleic  acid 
(DNA)  and  chromosomes  are  discussed  in  an  earlier  section  and 
are  summarized  in  Tables  5-4,  5-5,  and  5-6.  The  results  are  mixed, 
with  studies  showing  a  decrease,  increase,  or  no  change  in  oxidant 
damage  measures.  A  study  of  30  apparently  healthy  adults  supple¬ 
mented  with  500  mg/day  of  vitamin  C  for  6  weeks  reported  an 
increase  in  8-oxoadenine,  but  a  decrease  in  the  more  mutagenic 
DNA  lesion,  8-oxoguanine  (Podmore  et  al.,  1998).  Supplementa¬ 
tion  of  apparently  healthy  volunteers  with  vitamin  C  and  iron  result¬ 
ed  in  increases  in  some  DNA  damage  markers,  decreases  in  others, 
and  a  rise  in  total  DNA  base  damage  at  6  weeks,  which  disappeared 
at  12  weeks  (Rehman  et  al.,  1998).  Other  evidence  from  in  vitro 
and  in  vivo  data  as  well  as  epidemiological  studies  have  not  shown 
increased  oxidative  DNA  damage  or  increased  cancer  risk  associat¬ 
ed  with  high  intakes  of  vitamin  C  (Block,  1991;  Fontham,  1994; 
Fraga  et  al.,  1991;  Rifici  and  Khachadurian,  1993). 

Other  Adverse  Effects .  Other  adverse  effects  observed  following 
high  vitamin  C  intakes  include  diminished  high-altitude  resistance 
(Schrauzer  et  al.,  1975),  delayed-type  allergic  response  (Metz  et  al., 
1980),  and  erosion  of  dental  enamel  (Giunta,  1983).  Additional 
studies  confirming  these  findings  were  not  found. 

Identification  of  Distinct  and  Highly  Sensitive  Subpopulations .  Data 
show  that  individuals  with  hemochromatosis,  glucose-6-phosphate 
dehydrogenase  deficiency,  and  renal  disorders  may  be  susceptible 
to  adverse  effects  from  excess  vitamin  C  intake.  Vitamin  C  may  en¬ 
hance  iron  absorption  and  exacerbate  iron-induced  tissue  damage 
in  individuals  with  hemochromatosis  (McLaran  et  al.,  1982).  Indi¬ 
viduals  with  renal  disorders  may  have  increased  risk  of  oxalate  kid¬ 
ney  stone  formation  from  excess  vitamin  C  intake  (Auer  et  al.,  1998; 
Ono,  1986;  Urivetzky  et  al.,  1992).  Hemolysis  has  been  associated 
with  ascorbic  acid  administration  in  newborns  with  glucose-6-phos- 
phate  dehydrogenase  deficiency  and  in  normal  premature  infants 
(Ballin  et  al.,  1988;  Mentzer  and  Collier,  1975).  There  is  also  anec¬ 
dotal  evidence  of  hemolysis  following  ascorbic  acid  intake  in  adults 
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with  glucose-6-phosphate  dehydrogenase  deficiency  (Campbell  et 
al.,  1975;  Rees  et  al.,  1993).  However,  a  clinical  study  does  not  sup¬ 
port  the  association  (Beutler,  1991). 

Summary 

Based  on  considerations  of  causality,  relevance,  and  the  quality 
and  completeness  of  the  database,  osmotic  diarrhea  and  related 
gastrointestinal  disturbances  were  selected  as  the  critical  endpoints 
on  which  to  base  a  UL.  The  in  vivo  data  do  not  clearly  show  a  causal 
relationship  between  excess  vitamin  C  intake  by  apparently  healthy 
individuals  and  other  adverse  effects  (i.e.,  kidney  stone  formation, 
excess  iron  absorption,  reduced  vitamin  B12  and  copper  levels,  in¬ 
creased  oxygen  demand,  systemic  conditioning,  pro-oxidant  effects, 
dental  enamel  erosion,  or  allergic  response)  in  adults  and  children. 

The  data  regarding  possible  vitamin  C  deficiency  in  two  newborns 
resulting  from  abrupt  withdrawal  from  mothers  consuming  high 
levels  of  vitamin  C  during  pregnancy  were  considered  too  anecdot¬ 
al  and  uncertain  to  warrant  derivation  of  a  separate  UL  for  preg¬ 
nant  women. 


Dose-Response  Assessment 

Adults 

Data  Selection.  The  data  on  osmotic  diarrhea  and  gastrointestinal 
disturbances  were  selected  as  most  relevant  on  which  to  base  a  UL 
for  apparently  healthy  adults.  The  effects  are  generally  not  serious 
and  are  self-limiting;  individuals  experiencing  them  may  easily  elim¬ 
inate  them  by  reducing  supplemental  vitamin  C  intakes. 

Identification  of  a  No-Observed-Adverse-Effect  Level  (NOAEL)  and  Low- 
est-Observed-Adverse-Effect  Level  (LOAEL).  A  LOAEL  of  3  g/day  can  be 
identified  based  on  the  data  of  Cameron  and  Campbell  (1974). 
These  investigators  reported  symptoms  of  flatulent  distension,  tran¬ 
sient  colic,  and  diarrhea  at  doses  of  3  to  4  g/day  in  normal  healthy 
volunteers  (number  of  volunteers  not  stated) .  The  volunteers  in¬ 
creased  oral  ascorbic  acid  intake  by  increments  of  1  g/day  in  suc¬ 
cessive  weeks.  Supporting  evidence  is  provided  by  case  reports  (Hof- 
fer,  1971;  Hoyt,  1980),  a  graded  dose  study  by  Stein  et  al.  (1976), 
and  a  multiple  crossover  study  by  Wandzilak  et  al.  (1994).  Stein  et 
al.  (1976)  gave  three  patients  8  g/day  in  four  divided  doses  of  2  g 
for  3  to  7  days.  This  study  reported  mild  diarrhea  in  one  of  three 
subjects  following  ingestion  of  4  g/day  of  ascorbic  acid.  Wandzilak 
et  al.  (1994)  investigated  the  effect  of  high-dose  ascorbic  acid  in- 
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take  on  15  apparently  healthy  volunteers.  Subjects  ingested  1,  5, 
and  10  g/day  supplemental  ascorbate  at  mealtime  for  5  days,  sepa¬ 
rated  by  5  days  of  no  supplementation.  This  study  reported  diar¬ 
rhea  in  2  of  the  15  subjects  taking  10  g/day.  These  subjects  were 
unable  to  continue  at  this  dose 

The  above  human  data  suggest  that  an  intake  of  vitamin  C  greater 
than  3  g/day  is  likely  to  cause  osmotic  diarrhea  in  many  individuals, 
although  some  reports  involving  a  few  individuals  suggest  this  may 
occur  at  3  g/day.  Thus,  the  3-g/day  intake  is  considered  a  LOAEL. 

Uncertainty  Assessment  There  is  little  uncertainty  regarding  the 
range  of  vitamin  C  intakes  that  are  likely  to  induce  osmotic  diar¬ 
rhea.  An  uncertainty  factor  (UF)  of  1.5  was  selected  to  extrapolate 
the  LOAEL  to  a  NOAEL.  Thus,  the  3  g/day  intake  is  considered  a 
LOAEL,  and  a  NOAEL  of  2  g/day  is  estimated  for  adult  humans. 
Because  the  database  has  no  other  significant  sources  of  uncertain¬ 
ty  and  because  of  the  mild,  reversible  nature  of  osmotic  diarrhea 
caused  by  high  vitamin  C  intakes,  no  further  uncertainty  factors  are 
necessary. 

Derivation  of  a  UL.  The  LOAEL  of  3  g/day  was  divided  by  the  UF 
of  1.5  to  obtain  a  NOAEL  and  UL  value  of  2  g/ day. 

LOAEL.Sg/d,, 

UF  1.5  b 

Vitamin  C  UL  Summary ,  Ages  1 9  Years  and  Older 

UL  for  Adults 

19  years  and  older  2,000  mg  (11,360  pmol)/day  of  vitamin  C 

Other  Life  Stage  Groups 

Infants.  For  infants,  the  UL  was  judged  not  determinable  be¬ 
cause  of  insufficient  data  on  adverse  effects  in  this  age  group  and 
concern  about  the  infant’s  ability  to  handle  excess  amounts.  Poten¬ 
tial  concerns  for  high  vitamin  C  concentrations  in  infants  stem  from 
isolated  reports  of  anecdotal  rebound  scurvy,  oxidative  damage,  and 
hemolysis  (Ballin  et  al.,  1988;  Cochrane,  1965;  Powers  et  al.,  1995). 
To  prevent  high  levels  of  intake,  the  only  source  of  intake  for  in¬ 
fants  should  be  that  available  from  food  and  formula. 

Children  and  Adolescents.  Limited  data  exist  on  vitamin  C  toxicity 
in  toddlers,  children,  and  adolescents.  Ludvigsson  et  al.  (1977)  con- 
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ducted  a  double-blind,  7-week  pilot  study  and  a  3-month  main  study 
evaluating  the  prophylactic  effect  of  1,000  mg/day  of  vitamin  C  on 
colds  in  172  and  642  children,  respectively,  ages  8  to  9  years.  Re¬ 
ported  side  effects,  including  stomach  pains,  skin  rash,  headache, 
diarrhea,  and  nausea,  were  observed  in  about  3  percent  of  the  chil¬ 
dren,  which  was  no  different  from  the  control  group  and  was  not 
dose  related.  Therefore,  this  study  could  be  used  to  support  a  NOA- 
EL  of  1,000  mg/day. 

Another  study  tested  the  effectiveness  of  a  megavitamin  regimen 
including  3  g/ day  of  ascorbic  acid  for  3  months  on  attention  deficit 
disorder  (ADD)  in  41  children  ages  approximately  7  to  11  years 
(Haslam  et  al.,  1984).  Forty-two  percent  of  the  children  developed 
elevation  of  serum  aminotransferases,  and  it  was  concluded  that  the 
regimen  (which  was  ineffective)  should  not  be  used  to  treat  ADD.  It 
is  unlikely  that  the  increases  in  serum  aminotransferases  were  due 
to  the  high  acsorbic  acid  intake  since  no  such  effects  of  high  vita¬ 
min  C  intakes  have  been  reported  by  other  investigators.  Neverthe¬ 
less,  this  study  appears  consistent  with  the  adult  data  indicating  a 
LOEAL  at  intakes  of  3  g/ day.  However,  this  study  cannot  be  utilized 
to  establish  a  UL  for  children  as  the  vitamin  C  was  part  of  a  mega¬ 
vitamin  and  the  contribution  of  vitamin  C  to  the  results  cannot  be 
determined. 

Because  the  results  of  these  studies  (particularly  the  study  by  Lud- 
vigsson  et  al.,  1977)  are  consistent  with  the  data  on  adverse  effects 
in  adults  on  a  body  weight  basis,  the  UL  values  for  toddlers,  chil¬ 
dren,  and  adolescents  are  extrapolated  based  on  body  weight  differ¬ 
ences  from  those  established  for  adults  as  described  in  Chapter  4 
using  reference  weights  from  Chapter  1  (Table  1-1).  The  calculated 
UL  is  rounded  to  the  nearest  50  mg. 

Pregnancy.  No  evidence  of  maternal  toxicity  of  excess  vitamin  C 
intakes  was  found.  However,  because  vitamin  C  is  actively  transport¬ 
ed  from  maternal  to  fetal  blood,  there  could  be  a  potential  for 
maternal  intake  of  megadoses  of  vitamin  C  during  pregnancy  to 
lead  to  markedly  elevated  concentrations  of  vitamin  C  in  the  fetus. 
There  is  one  anecdotal  report  (Cochrane,  1965)  of  possible  fetal 
vitamin  C  dependence  induced  in  utero  in  two  infants,  whose  moth¬ 
ers  consumed  400  mg/day  of  vitamin  C  during  pregnancy.  Although 
the  infants  developed  scurvy  during  the  first  few  weeks  of  life,  the 
observation  was  complicated  by  the  relatively  high  incidence  of  scur¬ 
vy  in  the  region  of  Canada  in  which  the  infants  were  born.  Other 
concerns  for  high  vitamin  C  concentrations  in  infants  stem  from 
reports  of  hemolysis  (Ballin  et  al.,  1988)  and  possible  increased 
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oxidative  damage  (Powers  et  al.,  1995)  in  premature  infants.  How¬ 
ever,  these  effects  are  not  well  documented,  and  do  not  warrant  a 
separate  UL  for  pregnant  females. 

Lactation.  Byerley  and  Kirksey  (1985)  noted  that  the  vitamin  C 
composition  of  human  milk  was  not  affected  by  maternal  vitamin  C 
intake  ranging  from  156  to  1,123  mg/day  and  that  urinary  excre¬ 
tion  increased  as  intake  increased  over  200  mg/day,  suggesting  that 
mammary  tissue  becomes  saturated  with  vitamin  C.  One  woman 
ingested  4,000  mg/day  of  vitamin  C  as  a  supplement;  no  toxic  ef¬ 
fects  of  the  excess  vitamin  intake  were  noted  in  the  mother.  Her 
milk  content  of  vitamin  C  was  100.5  mg/L,  which  was  on  the  high 
end  of  values  reported  for  human  milk,  but  not  reflective  of  the 
high  intake  (Anderson  and  Pittard,  1985).  Based  on  these  findings, 
the  ULs  for  lactating  adolescents  and  women  are  not  different  from 
those  of  nonlactating  females. 


Vitamin  C  UL  Summary,  Ages  1  through  1 8  Years,  Pregnancy , 
Lactation 


UL  for  Infants 


0-12  months 

Not  possible  to  establish;  source  of  intake 
should  be  formula  and  food  only 

UL  for  Children 

1-3  years 

400  mg  (2,272  pmol)/day  of  vitamin  C 

4-8  years 

650  mg  (3,692  pmol)/day  of  vitamin  C 

9-13  years 

1,200  mg  (6,816  pmol)/day  of  vitamin  C 

UL  for  Adolescents 

14-18  years 

1,800  mg  (10,224  pmol)/day  of  vitamin  C 

UL  for  Pregnancy 

14-18  years 

1,800  mg  (10,224  pmol)/day  of  vitamin  C 

19  years  and  older 

2,000  mg  (11,360  pmol)/day  of  vitamin  C 

UL  for  Lactation 

14-18  years 

1,800  mg  (10,224  pmol)/day  of  vitamin  C 

19  years  and  older 

2,000  mg  (11,360  pmol)/day  of  vitamin  C 

Special  Considerations 

Individuals  with  hemochromatosis,  glucose-6-phosphate  dehy¬ 
drogenase  deficiency,  and  renal  disorders  may  be  especially  suscep¬ 
tible  to  adverse  effects  of  excess  vitamin  C  intake  and  therefore 
should  be  cautious  about  ingesting  more  vitamin  C  than  the 
Recommended  Dietary  Allowance  (RDA) .  Vitamin  C  intakes  of  250 


VITAMIN  C 


165 


mg/day  or  higher  have  been  associated  with  false-negative  results 
for  detecting  stool  and  gastric  occult  blood  (Gogel  et  al.,  1989;  Jaffe 
et  al.,  1975).  Therefore,  high-dose  vitamin  C  supplements  should 
be  discontinued  at  least  2  weeks  before  physical  exams  because  they 
may  interfere  with  blood  and  urine  tests. 

Intake  Assessment 

Based  on  data  from  the  Third  National  Health  and  Nutrition  Ex¬ 
amination  Survey  (NHANES  III) ,  the  highest  mean  intake  of  vita¬ 
min  C  from  diet  and  supplements  for  any  gender  and  lifestage 
group  was  estimated  to  be  about  200  mg  (1,136  pmol)/day  (Appen¬ 
dix  Table  C-2).  This  was  the  intake  of  males  aged  51  through  70 
years  and  females  aged  51  years  and  older.  The  highest  reported 
intake  at  the  ninety-ninth  percentile  was  greater  than  1,200  mg 
(6,816  pmol)/day  in  males  aged  31  through  70  years  and  in  females 
aged  51  through  70  years  (Appendix  Table  C-2). 

Risk  Characterization 

The  risk  of  adverse  effects  resulting  from  excess  intake  of  vitamin 
C  from  food  and  supplements  appears  to  be  very  low  at  the  highest 
intakes  noted  above.  Although  members  of  the  general  population 
should  be  advised  not  to  exceed  the  UL  routinely,  intake  greater 
than  the  UL  may  be  appropriate  for  investigation  within  well-con¬ 
trolled  clinical  trials.  Clinical  trials  of  doses  above  the  UL  should 
not  be  discouraged,  as  long  as  subjects  participating  in  these  trials 
have  signed  informed  consent  documents  regarding  possible  toxic¬ 
ity  and  as  long  as  these  trials  employ  appropriate  safety  monitoring 
of  trial  subjects.  In  addition,  the  UL  is  not  meant  to  apply  to  indi¬ 
viduals  who  are  receiving  vitamin  C  under  medical  supervision. 

RESEARCH  RECOMMENDATIONS  FOR  VITAMIN  C 

•  Despite  the  many  known  biochemical  roles  of  ascorbic  acid, 
no  reliable  biochemical  or  physiologically  based  functional  mea¬ 
sures  of  vitamin  C  nutriture  have  been  established.  As  a  result,  vita¬ 
min  C  intake  requirements  in  adults  have  been  based  on  estimates 
of  body  pool  or  tissue  ascorbate  deemed  adequate  to  provide  anti¬ 
oxidant  protection.  Knowledge  of  vitamin  C  intakes  needed  to  ful¬ 
fill  specific  functional  roles  of  ascorbate  will  allow  more  accurate 
and  precise  determinations  of  the  individual  and  average  popula¬ 
tion  requirements  of  the  vitamin.  Some  current  candidates  that 
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could  be  used  as  funcdonal  measures  include  pathways  related  to 
collagen  and  carnitine  metabolism,  oxidative  damage,  and  oral 
health  indices;  however,  research  on  new  functions  of  the  vitamin  is 
also  needed.  Determination  of  vitamin  C  requirements  based  on 
antioxidant  functions  will  require  development  of  more  reliable 
tests  for  in  vivo  oxidative  damage  and  further  understanding  of  the 
interactions  of  ascorbate  with  other  physiological  antioxidants.  Ad¬ 
ditionally,  a  practical  method  for  measuring  the  vitamin  C  body 
pool  is  needed  as  a  standard  of  comparison  against  proposed  func¬ 
tional  measures  and  measures  of  health  or  disease  endpoints. 

•  Since  the  requirements  for  children  ages  1  through  18  years 
are  extrapolated  from  the  adult  Estimated  Average  Requirements 
(EARs),  it  is  critically  important  to  conduct  large-scale  studies  with 
children  using  state-of-the-art  biomarkers  to  assess  their  vitamin  C 
requirement. 

•  Many  studies  that  provided  vitamin  C  supplements  to  appar¬ 
ently  healthy  well-nourished  populations  were  investigating  phar¬ 
macological  (at  or  above  the  point  where  body  tissues  are  saturat¬ 
ed)  rather  than  nutritional  effects  of  the  vitamin.  This  may  obscure 
possible  relationships  between  vitamin  C  intake  and  disease  risk  in 
the  range  of  dietary  intakes.  Therefore,  population  studies  on  the 
relationship  of  vitamin  C  nutriture  and  chronic  disease  should  fo¬ 
cus  more  on  individuals  or  populations  who  eat  few  fruits  and  vege¬ 
tables  and  are  marginally  deficient  in  vitamin  C.  Attention  also  has 
to  be  given  to  methods  for  sorting  out  the  effects  of  vitamin  C 
intake  from  those  of  other  dietary  and  life-style  factors  that  may  also 
affect  disease  risk. 

•  While  the  evidence  of  adverse  effects  due  to  intakes  of  vita¬ 
min  C  supplements  is  at  this  time  limited  to  osmotic  diarrhea  and 
gastrointestinal  disturbances  which  are  self-limiting,  the  frequency 
of  high  intakes  of  the  vitamin  in  the  North  American  population 
warrants  further  investigation.  The  well  known  pro-oxidant  effects 
of  the  iron-ascorbate  couple  in  vitro  suggest  that  further  research 
be  done  on  possible  related  in  vivo  reactions — for  example,  during 
simultaneous  supplement  ingestion,  iron  overload,  and  inflamma¬ 
tion  or  tissue  trauma  where  non-protein-bound  iron  may  be  re¬ 
leased. 

•  A  small  number  of  isolated  reports  raise  concern  that  high 
vitamin  C  intakes  during  pregnancy  may  expose  the  fetus  or  neo¬ 
nate  to  risks  of  withdrawal  symptoms,  hemolysis,  or  oxidant  dam¬ 
age.  Further  research  is  needed  to  confirm  or  refute  these  con¬ 
cerns. 
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SUMMARY 

Vitamin  E  is  thought  to  function  primarily  as  a  chain-breaking 
antioxidant  that  prevents  the  propagation  of  lipid  peroxidation. 
Overt  deficiency  is  very  rare,  seen  only  in  individuals  unable  to 
absorb  the  vitamin  or  with  inherited  abnormalities  that  prevent 
the  maintenance  of  normal  blood  concentrations.  Thus,  current 
dietary  patterns  appear  to  provide  sufficient  vitamin  E  to  prevent 
deficiency  symptoms  such  as  peripheral  neuropathy.  Estimates  of 
vitamin  E  intake  are  underreported,  due  in  part  to  underreporting 
of  amounts  of  dietary  fat  consumed  and  lack  of  specificity  of  sources 
in  the  diet.  Data  on  human  experimental  vitamin  E  deficiency  are 
very  limited  but  provide  some  guidance  as  to  the  appropriate  Rec¬ 
ommended  Dietary  Allowance  (RDA).  The  values  recommended 
here  are  based  largely  on  induced  vitamin  E  deficiency  in  humans 
and  the  correlation  between  hydrogen  peroxide-induced  erythro¬ 
cyte  lysis  and  plasma  a-tocopherol  concentrations.  The  RDA  for 
both  men  and  women  is  15  mg  (35  pmol)/day  of  a-tocopherol. 
Vitamin  E  activity  of  a-tocopherol  as  defined  in  this  report  is 
limited  to  that  available  from  the  naturally  occuring  form  ( RRR- ) 
and  the  other  three  synthetic  2/?-stereoisomer  forms  ( RSR- ,  RRS-, 
and  RSS-)  of  a-tocopherol  for  purposes  of  establishing  the  human 
requirement  for  vitamin  E.  Other  naturally  occurring  forms  of 
vitamin  E  (P-,  y-,  and  8-tocopherols  and  the  tocotrienols)  do  not 
contribute  toward  meeting  the  vitamin  E  requirement  because 
(although  absorbed)  they  are  not  converted  to  a-tocopherol  by 
humans  and  are  recognized  poorly  by  the  a-tocopherol  transfer 
protein  (a-TTP)  in  the  liver.  Therefore,  the  RDA  is  based  only  on 
the  a-tocopherol  form  of  vitamin  E  which  represents  a  change 
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from  most  recent  recommendations.  A  large  and  growing  body  of 
experimental  evidence  suggests  that  high  intakes  of  vitamin  E  may 
lower  the  risk  of  some  chronic  diseases,  especially  heart  disease. 
However,  the  limited  and  discordant  clinical  trial  evidence  avail¬ 
able  precludes  recommendations  at  this  time  of  higher  vitamin  E 
intakes  to  reduce  chronic  disease  risk.  The  Tolerable  Upper  Intake 
Level  (UL)  for  adults  is  set  at  1,000  mg  (2,325  pmol)/day  of  any 
form  of  supplemental  a-tocopherol  based  on  the  adverse  effect  of 
increased  tendency  to  hemorrhage. 


BACKGROUND  INFORMATION 
Definition  of  Vitamin  E 

Of  the  eight  naturally  occurring  forms  of  vitamin  E  (see  section 
on  “Naturally  Occurring  Forms”  and  Figure  6-1)  only  the  a-tocopherol 
form  of  the  vitamin  is  maintained  in  human  plasma  (Traber,  1999). 
Furthermore,  the  only  forms  of  a-tocopherol  that  are  maintained 
in  plasma  are  RRR-a-tocopherol  [2,5,7,8-tetramethyl-2R-(4'R,  8 'R, 
12'  trimethyltridecyl)-6-chromanol],  the  form  of  a-tocopherol  that 
occurs  naturally  in  foods,  and  the  2R-stereoisomeric  forms  of  a- 
tocopherol  ( RRR- ,  RSR-,  RJRS-,  and  i?55-a-tocopherol)  present  in  syn¬ 
thetic  all  racemic-  ( all  rac-)  a-tocopherol  [2,5,7,8-tetramethyl-2RS- 
(4 'RS,  8 'RS,  12'  trimethyltridecyl)-6-chromanol  (Traber,  1999) 
(Figure  6-2).  Since  the  25-stereoisomers  of  a-tocopherol  ( SRR- ,  SSR-, 
SRS-,  and  555-a-tocopherol) ,  part  of  the  synthetic  all  raea-tocopherol, 
are  not  maintained  in  human  plasma  (Acuff  et  al.,  1994;  Kiyose  et 
al.,  1997;  Traber,  1999)  or  tissues  (Burton  et  al.,  1998),  they  are  not 
included  in  the  definition  of  active  components  of  vitamin  E  for 
humans.  Therefore,  vitamin  E  is  defined  in  this  report  as  limited  to 
the  2R-stereoisomeric  forms  of  a-tocopherol  to  establish  recom¬ 
mended  intakes.  All  forms  of  supplemental  a-tocopherol  are  used 
as  the  basis  of  establishing  the  Tolerable  Upper  Intake  Level  (UL) 
for  vitamin  E.  These  recommended  intakes  and  ULs  are  at  variance 
with  past  definitions  and  recommendations  for  vitamin  E  (NRC, 
1989). 


Structure 


Naturally  Occurring  Forms 

Naturally  occurring  structures  (Figure  6-1)  classified  in  the  past  as 
having  vitamin  E  antioxidant  activity  include  4  tocopherols  (a- 
tocopherol,  trimethyl  [3  methyl  groups  on  the  chromanol  ring]; 


188 


DIETARY  REFERENCE  INTAKES 


A 

a-Tocopherol 

p-Tocopherol 

y-Tocopherol 

8-Tocopherol 


B 


a-Tocotrienol 


p-Tocotrienol 


y-Tocotrienol 


8-Tocotrienol 


FIGURE  6-1  Structures  of  tocopherols  and  tocotrienols.  The  four  tocopherols  are 
shown  in  A  and  the  four  tocotrienols  in  B.  All  tocopherols  are  in  the  RRR-form. 
SOURCE:  Adapted  from  Traber  (1999). 
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2f?-Stereoisomers  of  a-Tocopherol 
Maintained  by  Humans 


2S-Stereoisomers  of  a-Tocopherol 
Not  Maintained  by  Humans 


FIGURE  6-2  all  rac-a-Tocopherol  structures.  Shown  are  the  eight  different  stereo¬ 
isomers  in  synthetic  vitamin  E  ( all  rac-a-tocopherol) :  RRR-,  RSR-,  RRS-,  RSS-,  SRR-, 
SSR-,  SRS-,  and  SSS-.  All  eight  stereoisomers  are  formed  in  equal  amounts.  One 
stereoisomer,  /2/ffi-a-tocopherol,  is  also  naturally  present  in  food.  The  structure 
differences  occur  in  the  side  chain  and  most  importantly  at  the  ring/ tail  junction. 


or  y-tocopherols,  dimethyl  [2  methyl  groups  on  the  chromanol  ring 
at  different  positions];  and  8-tocopherol,  monomethyl  [1  methyl 
group  on  the  chromanol  ring])  and  4  tocotrienols  (a-tocotrienol, 
trimethyl;  p-  or  y-tocotrienols,  dimethyl;  and  5-tocotrienol, 
monomethyl)  (IUPAC-IUB  Joint  Commission  on  Biochemical  Nomen¬ 
clature,  1974).  The  tocopherols  are  characterized  by  a  substituted, 
hydroxylated  ring  system  (chromanol  ring)  with  a  long,  saturated 
(phytyl)  side  chain  (Figure  6-1).  Tocotrienols  differ  from  tocopherols 
only  in  that  they  have  an  unsaturated  side  chain.  All  tocopherols 
that  occur  naturally  in  foods  have  the  RRR  stereochemistry  in  the 
side  chain.  However,  the  various  forms  of  vitamin  E  are  not  inter- 
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convertible  in  the  human  and  thus  do  not  behave  the  same  meta- 
bolically. 

Synthetic  Vitamin  E 

Synthetic  forms  of  a-tocopherol  are  present  in  fortified  foods  and 
in  vitamin  supplements.  Vitamin  E  supplements  are  sold  as  esters  of 
either  the  natural  RRR-  or  the  synthetic  mixture  (all  rao-)  forms  of 
a-tocopherol.  Because  a-tocopherol  lias  three  asymmetric  carbon 
atoms,  it  has  eight  possible  stereoisomers,  seven  of  which  are  only 
found  in  synthetic  preparations.  Synthetic  vitamin  E,  all  rac-a- 
tocopherol  (historically  and  incorrectly  labeled  dl- a-tocopherol) 
(Horwitt,  1976), 1  is  produced  by  coupling  trimethylhydroquinone 
with  isophytol;  it  contains  all  eight  stereoisomers  in  equal  amounts 
(Figure  6-2) .  Four  of  the  stereoisomers  are  in  the  2i?-stereoisomeric 
form  ( RRR- ,  RSR-,  RRS-,  and  jRSS-a-tocopherol)  and  four  are  in  the 
2&stereoisomeric  form  (SRR-  SSR-,  SRS-,  and  SSS-a-tocopherol) . 
Although  #R/?-a-tocopherol  is  the  most  biologically  active  of  the 
eight  stereoisomers  in  rats,  the  other  2/?-stereoisomers  generally 
have  a  higher  activity  than  the  2S stereoisomers  (Weiser  and  Vecchi, 
1982;  Weiser  et  al.,  1986). 

The  naturally  occurring  stereoisomer  is  .R/lft-a-tocopherol  (his¬ 
torically  and  incorrectly  labeled  d-a-tocopherol)  (Horwitt,  1976). 
/£ft/?-a-Tocopherol  can  be  derived  by  methylating  y-tocopherol  iso¬ 
lated  from  vegetable  oil.  This  is  labeled  “natural  source”  vitamin  E 
when  marketed. 

Esterification  of  the  labile  hydroxyl  (OH)  group  on  the  chro- 
manol  ring  of  vitamin  E  prevents  its  oxidation  and  extends  its  shelf 
life.  This  is  why  esters  of  a-tocopherol  are  often  used  in  vitamin  E 
supplements  and  in  fortified  foods.  In  apparently  healthy  humans, 


Hhe  original  international  standard  for  vitamin  E,  d/-a-tocopheryl  acetate  (one 
asymmetric  carbon  atom  in  the  2  position  on  the  chromal  ring,  ambo-a-tocopheryl 
acetate)  is  no  longer  commercially  available.  It  was  synthesized  from  natural  phytol 
and  was  a  mixture  of  two  stereoisomers  of  a-tocopherols,  RRR- a-tocophcryl  acetate 
and  S/?/?-a-tocopheryl  acetate  (Horwitt,  1976).  For  practical  purposes  at  the  time, 
the  activity  of  1  mg  of  ^-a-tocopheryl  acetate  was  defined  as  equivalent  to  one  IU 
of  vitamin  E.  The  dkx-tocopheryl  acetate  of  commerce  currently  available  is  synthe¬ 
sized  from  synthetic  isophytol,  has  eight  stereoisomers,  and  is  labeled  as  dl-CL- 
tocopheryl  acetate.  However,  it  is  more  accurately  called  all  rar-a-tocopheryl  acetate 
(AIN,  1990;  IUPAC,  1974)  because  it  contains  three  asymmetric  carbon  atoms  in 
the  2,  4',  and  8'  positions  (2 RS,  4 'RS,  8'/£S-a-tocopherol).  The  all  rar  and  ambo-a- 
tocopheryl  acetates  were  shown  to  have  the  same  biological  activity  in  rats  (Weiser 
et  al.,  1986). 
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the  esters  (e.g.,  a-tocopheryl  acetate  or  a-tocopheryl  succinate)  are 
hydrolyzed  and  absorbed  as  efficiently  as  a-tocopherol  (Cheeseman 
etal.,  1995). 

Interconversion  of  Vitamin  E  Units 

Before  1980,  for  pharmacological  uses,  one  international  unit 
(IU)  of  vitamin  E  activity  was  defined  as  1  mg  of  all  rac-a-tocopheryl 
acetate  by  the  United  States  Pharmacopeia  (USP)  (USP,  1979). 
Using  the  rat  fetal  resorption  assay,  1  mg  of  RRR- a-tocopherol  was 
calculated  to  be  equivalent  to  1.49  IU  of  vitamin  E  (Weiser  and 
Vecchi,  1981). 

After  1980,  the  IU  was  changed  to  the  USP  unit  where  one  USP 
unit  of  vitamin  E  was  still  defined  as  having  the  activity  of  1  mg  of  all 
rac-a-tocopheryl  acetate,  0.67  mg  /£/£/?-a-tocopherol,  or  0.74  mg 
f£ftR-a-tocopheryl  acetate  (USP,  1980).  Although  IUs  are  no  longer 
recognized,  many  fortified  foods  and  supplements  still  retain  this 
terminology  while  USP  units  are  now  generally  used  by  the  pharma¬ 
ceutical  industry  in  labeling  vitamin  E  supplements.  Both  systems 
are  based  on  the  same  equivalency. 

Since  the  USP  unit  was  defined  before  studies  were  published 
indicating  that  the  2&stereoisomers  of  all  rac-a-tocopherol  were  not 
maintained  in  human  plasma  (Acuff  et  al.,  1994;  Kiyose  et  al.,  1997: 
Traber,  1999)  or  in  tissues  (Burton  et  al.,  1998),  it  is  recommended 
that  the  present  equivalency  used  in  the  USP  system  be  redefined 
based  on  the  definition  presented  in  this  report  of  what  contributes 
to  the  active  form  of  vitamin  E  in  humans.  Vitamin  E  is  defined 
here  as  limited  to  the  2f?-stereoisomeric  forms  of  a-tocopherol 
(RJRR-,  RSR-,  RRS-,  and  flSSa-tocopherol)  to  establish  recommended 
intakes.  Based  on  this  definition,  all  rac-a-tocopherol  has  one-half 
the  activity  of  f£Rft-a-tocopherol  found  in  foods  or  present  with  the 
other  2 R  stereoisomeric  forms  (RSR-,  RRS-  and  RSS-)  of  a-tocopherol 
in  fortified  foods  and  supplements.  Thus  to  achieve  the  RDA 
recommended  in  this  report  of  15  mg/day  of  a-tocopherol,  a 
person  can  consume  15  mg/day  of  RRR<x<ocophero\  or  15  mg/day 
of  the  2JR-stereoisomeric  forms  of  a-tocopherol  (e.g.,  30  mg/day  of 
all  rac-a-tocopherol)  or  a  combination  of  the  two.  The  factors  nec¬ 
essary  to  convert  RRR-  and  all  rac-a-tocopherol  and  their  esters  based 
on  this  new  definition  of  vitamin  E  to  USP  units  (IUs)  are  shown  in 
Table  6-1. 
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TABLE  6-1  Factors  for  Converting  International  Units  of 
Vitamin  to  a-Tocopherol6  (mg)  to  Meet  Recommended 
Intake 


USP  Conversion 
Factors^ 

Molar 

Conversion 

Factors^ 

a-Tocopherol 

Conversion 

Factors^ 

IU/mg 

mg/IU 

pmol/IU 

mg/IU 

Synthetic  Vitamin  E  and  Esters 

rf^-a-Tocopheryl  acetate 

1.00 

1.00 

2.12 

0.45 

dJ-a-Tocopheryl  succinate 

0.89 

1.12 

2.12 

0.45 

d  Z-a-To  c  o  p  h  er  o \f 

1.10 

0.91 

2.12 

0.45 

Natural  Vitamin  E  and  Esters 

d-a-Tocopheryl  acetate 

1.36 

0.74 

1.56 

0.67 

d-a-Tocopheryl  succinate 

1.21 

0.83 

1.56 

0.67 

d-a-Tocopherol# 

1.49 

0.67 

1.56 

0.67 

a  Vitamin  E  supplements  are  historically  and  incorrectly  labeled  d-  or  rf/-a-tocopherol. 
Vitamin  E  compounds  include  the  all  racemic  ( all  rar)-a-tocopherol  (rfkx-tocopherol 
[RRR-,  RRS-,  RSR- ,  RSS-,  SSS-,  SRS-,  SSR-,  and  SRR- ]  or  synthetic)  form  and  its  esters  and 
the  7?K/?-a-tocopherol  (d-a- -tocopherol  or  natural)  form  and  its  esters.  All  of  these  com¬ 
pounds  of  vitamin  E  may  be  present  in  fortified  foods  and  multivitamins.  Not  all  stereo¬ 
isomers  function  to  meet  vitamin  E  requirements  in  humans. 

b  a-Tocopherol  as  defined  in  this  report  to  meet  recommended  intakes  includes  RRR- 
oc-tocopherol  (historically  and  incorrectly  labeled  rf-a-tocopherol)  the  only  form  of  a- 
tocopherol  that  occurs  naturally  in  foods,  and  the  other  2/?-stereoisomeric  forms  of  a- 
tocopherol  (RSR-,  RRS-,  and  /IS&a-tocopherol)  that  are  synthesized  chemically  and 
thus  are  found  in  fortified  foods  and  supplements  (Figure  6-2) . 

c  Official  United  States  Pharmacopeia  (USP)  conversions  where  one  IU  is  defined  as 
1  mg  of  all  rac-a-tocopheryl  acetate  (USP,  1979,  1999).  All  of  the  conversions  are  based 
on  rat  fetal  resorption  assays  that  were  conducted  in  the  1940s.  The  amounts  of  the  free 
and  succinate  forms  have  been  adjusted  for  their  different  molecular  weights  relative  to 
the  all  rac-a-tocopheryl  acetate  (incorrectly  labeled  rf/-<x-tocopheryl  acetate) . 

<*To  convert  mg  to  pmol  divide  the  mg  by  the  molecular  weight  of  the  vitamin  E 
compound  (a-tocopheryl  acetate  =  472;  a-tocopheryl  succinate  =  530;  a-tocopherol  = 
430)  and  multiply  by  1,000.  Because  the  amount  of  free  and  succinate  compounds  are 
adjusted  for  their  different  molecular  weights  relative  to  a-tocopheryl  acetate,  these 
forms  have  the  same  conversion  factors  as  the  corresponding  tocopherol  compounds. 

eTo  convert  the  pmol  of  the  vitamin  E  compound  to  mg  of  a-tocopherol,  multiply 
the  pmol  by  the  molecular  weight  of  a-tocopherol  (430)  and  divide  by  1,000.  The 
activities  of  the  three  synthetic  a-tocopherol  compounds  have  been  divided  by  2  be¬ 
cause  the  2&stereoisomers  contained  in  synthetic-a-tocopherol  are  not  maintained  in 
the  blood. 

/dkx-Tocopherol  =  all  rar-(racemic)  a-tocopherol  =  synthetic  vitamin  E;  all  rac-QL- 
tocopherol  =  RRR-,  RRS-,  RSR-,  RSS-,  SSS-,  SRS-,  SSR-,  and  W?-a-tocopherol  isomers. 
g  d-a-Tocopherol  =  RRR- a-tocopherol  =  natural  vitamin  E. 
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Units  of  Vitamin  E  Activity 

It  is  now  known  that  vitamin  E  forms  are  not  interconvertible  in 
the  human  and  that  their  plasma  concentrations  are  dependent  on 
the  affinity  of  hepatic  a-tocopherol  transfer  protein  (a-TTP)  for 
them  (see  section  on  “Hepatic  a-Tocopherol  Transfer  Protein”). 
Kinetic  studies  have  shown  that  while  ilRft-a-tocopherol  concentra¬ 
tions  are  maintained  in  human  plasma,  the  same  is  not  true  for 
either  synthetic  SRR- a-tocopherol  or  natural  y-tocopherol  (Traber 
et  al.,  1990a,  1992).  These  compounds  are  efficiently  absorbed  and 
delivered  to  the  liver  in  chylomicrons  but  are  packaged  poorly  into 
newly  secreted  lipoproteins  for  delivery  to  peripheral  tissues  (see 
section  on  “Preferential  Secretion  of  a-Tocopherol  from  the  Liver”). 
In  light  of  these  new  findings  in  humans,  it  becomes  necessary  to 
reevaluate  the  relative  biological  potencies  of  different  forms  of 
vitamin  E.  Therefore,  it  is  best  to  measure  and  report  the  actual 
concentrations  of  each  of  the  various  vitamin  E  forms  in  food  and 
biological  samples. 

Current  information  suggests  that  the  number  of  methyl  groups 
and  the  stereochemistry  of  the  phytyl  tail  at  the  point  where  it  meets 
the  chromanol  ring  (2  position)  determine  the  affinity  of  the  a- 
TTP  for  the  vitamin  E  form  and  that  this  protein  in  turn  determines 
the  effective  vitamin  E  biological  activity  (Hosomi  et  al.,  1997).  Since 
the  2S-stereoisomers  (Figure  6-2)  are  not  maintained  in  human 
plasma  or  in  tissues,  the  difference  in  relative  activity  of  all  rac- a- 
tocopherol  compared  to  RRR- a-tocopherol  is  50  percent  as  demon¬ 
strated  in  Figure  6-3. 

Vitamin  E  activity  in  food  is  often  reported  as  a-tocopherol  equiv¬ 
alents  (a-TE)  (Bieri  and  Evarts,  1973, 1974;  Eitenmiller  and  Landen, 
1995)  as  have  been  dietary  recommendations  (NRC,  1989).  Previ¬ 
ously,  factors  for  the  conversion  of  the  tocopherols  and  tocotrienols 
to  a-TE  units  were  based  on  the  biological  activity  of  the  various 
forms  as  determined  using  the  rat  fetal  resorption  assay  (Bieri  and 
McKenna,  1981).  a-TEs  were  defined  as  a-tocopherol,  mg  x  1.0;  13- 
tocopherol,  mg  X  0.5;  y-tocopherol,  mg  X  0.1;  6-tocopherol,  mg  X 
0.03;  a-tocotrienol,  mg  x  0.3;  and  |3-tocotrienol,  mg  x  0.05  (NRC, 
1989).  The  biological  activities  of  y-  and  5-tocotrienol  were  below 
detection. 

Based  on  a  review  of  the  data,  the  2f?-stereoisomeric  forms  of  a- 
tocopherol  (RRR-,  RSR-,  RRS-,  and  RSS- a-tocopherol)  are  now  used 
to  estimate  the  vitamin  E  requirement.  The  2S-stereoisomeric  forms 
of  a-tocopherol  and  the  other  tocopherols  ((3-,  y-,and  6-tocopherol) 
and  the  tocotrienols  are  not  used  to  estimate  the  vitamin  E  require- 
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FIGURE  6-3  Plasma  labeled  (d3  and  d6)  a-tocophcrols  (means  ±  standard  error,  n 
=  6)  following  administration  of  a  single  dose  containing  150  mg  each  d^RRR-a- 
and  d6 all  rac-a-tocopherol  acetates. 

SOURCE:  Adapted  from  Traber  et  al.  (1998). 


ment  because  of  their  failure  to  bind  with  the  a-TTP.  Thus,  the 
Estimated  Average  Requirements  (EARs),  Recommended  Dietary 
Allowances  (RDAs),  and  Adequate  Intakes  (AIs)  that  follow  apply 
only  to  intake  of  the  2/?~stereoisomeric  forms  of  a-tocopherol  from 
food,  fortified  food,  and  multivitamins.  The  ULs  apply  to  any  forms 
of  supplemental  a-tocopherol. 

Currently,  most  nutrient  databases,  as  well  as  nutrition  labels,  do 
not  distinguish  between  the  different  tocopherols  in  food.  They 
often  present  the  data  as  a-tocopherol  equivalents  and  include  the 
contribution  of  all  eight  naturally  occurring  forms  of  vitamin  E  (Fig¬ 
ure  6-1),  after  adjustment  for  bioavailability7  of  the  various  forms 
(see  above).  Because  these  other  forms  of  vitamin  E  occur  naturally 
in  foods  (e.g.,  y-tocopherol  is  present  in  widely  consumed  oils  such 
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as  soybean  and  com  oils) ,  the  intake  of  a-tocopherol  equivalents  is 
greater  than  the  intake  of  a-tocopherol  (2i?-stereoisomeric  forms) 
alone  (see  later  section  “Intake  of  Vitamin  E”  for  suggested  conver¬ 
sion  factor) . 


Function 

Unlike  most  nutrients,  a  specific  role  for  vitamin  E  in  a  required 
metabolic  function  has  not  been  found.  Vitamin  E’s  major  function 
appears  to  be  as  a  non-specific  chain-breaking  antioxidant. 

Antioxidant  Activity 

Vitamin  E  is  a  chain-breaking  antioxidant  that  prevents  the  prop¬ 
agation  of  free-radical  reactions  (Burton  and  Ingold,  1986;  Burton 
et  al.,  1983;  Ingold  et  al.,  1987;  Kamal-Eldin  and  Appelqvist,  1996; 
Packer,  1994;  Tappel,  1962).  The  vitamin  is  a  peroxyl  radical 
scavenger  and  especially  protects  polyunsaturated  fatty  acids 
(PUFAs)  within  membrane  phospholipids  and  in  plasma  lipopro¬ 
teins  (Burton  et  al.,  1983).  Peroxyl  radicals  (abbreviated  ROO*) 
react  with  vitamin  E  (abbreviated  Vit  E-OH)  1,000  times  more 
rapidly  than  they  do  with  PUFA  (abbreviated  RH)  (Packer,  1994). 
The  phenolic  hydroxyl  group  of  tocopherol  reacts  with  an  organic 
peroxyl  radical  to  form  the  corresponding  organic  hydroperoxide 
and  the  tocopheroxyl  radical  (Vit  E-O*)  (Burton  et  al.,  1985): 

In  the  presence  of  vitamin  E:  ROO*  +  Vit  E-OH  — >  ROOH  + 

Vit  E-O* 

In  the  absence  of  vitamin  E:  ROO*  +  RH  — >  ROOH  +  R* 

R*  +  02  — >  ROO* 

The  tocopheroxyl  radical  can  then  undergo  several  possible  fates. 
It  can  (1)  be  reduced  by  other  antioxidants  to  tocopherol  (see 
section  on  “Antioxidant  Interactions”),  (2)  react  with  another 
tocopheroxyl  radical  to  form  non-reactive  products  such  as  tocopherol 
dimers,  (3)  undergo  further  oxidation  to  tocopheryl  quinone  (see 
section  on  “Metabolism”),  and  (4)  act  as  a  prooxidant  and  oxidize 
other  lipids  (see  section  on  “Antioxidant  Interactions”). 

Biochemical  and  Molecular  Biologic  Activities 

In  addition  to  its  direct  antioxidant  function,  a-tocopherol  re¬ 
portedly  has  specific  molecular  functions.  a-Tocopherol  inhibits 
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protein  kinase  C  activity,  which  is  involved  in  cell  proliferation  and 
differentiation,  in  smooth  muscle  cells  (Boscoboinik  et  ah,  1991; 
Chatelain  et  al.,  1993;  Clement  et  al.,  1997;  Stauble  et  ah,  1994; 
Tasinato  etal.,  1995),  human  platelets  (Freedman  et  al.,  1996),  and 
monocytes  (Cachia  et  al.,  1998;  Devaraj  et  al.,  1996).  Protein  kinase 
C  inhibition  by  a-tocopherol  is  in  part  attributable  to  its  attenuating 
effect  on  the  generation  of  membrane-derived  diacylglycerol,  a  lipid 
that  facilitates  protein  kinase  C  translocation,  thus  increasing  its 
activity  (Kunisaki  et  al.,  1994;  Tran  et  al.,  1994). 

Vitamin  E  enrichment  of  endothelial  cells  downregulates  the 
expression  of  intercellular  cell  adhesion  molecule  (ICAM-1)  and 
vascular  cell  adhesion  molecule-1  (VCAM-1),  thereby  decreasing  the 
adhesion  of  blood  cell  components  to  the  endothelium  (Cominacini 
et  al.,  1997).  Vitamin  E  also  upregulates  the  expression  of  cytosolic 
phospholipase  A2  (Chan  et  al.,  1998a;  Tran  et  al.,  1996)  and 
cyclooxygenase-1  (Chan  et  al.,  1998b).  The  enhanced  expression  of 
these  two  rate-limiting  enzymes  in  the  arachidonic  acid  cascade  ex¬ 
plains  the  observation  that  vitamin  E,  in  a  dose-dependent  fashion, 
enhanced  the  release  of  prostacyclin,  a  potent  vasodilator  and  in¬ 
hibitor  of  platelet  aggregation  in  humans  (Szczeklik  et  al.,  1985; 
Tran  and  Chan,  1990). 

Physiology  of  Absorption ,  Metabolism ,  and  Excretion 
Absorption  and  Transport 

Intestinal  Absorption.  While  the  efficiency  of  vitamin  E  absorption 
is  low  in  humans,  the  precise  rate  of  absorption  is  not  known  with 
certainty.  In  the  early  1970s,  vitamin  E  absorption  was  estimated  to 
be  51  to  86  percent,  measured  as  fecal  radioactivity  following  inges¬ 
tion  of  a-tocopherol  (Kelleher  and  Losowsky,  1970;  MacMahon  and 
Neale,  1970).  However,  when  Blomstrand  and  Forsgren  (1968)  mea¬ 
sured  vitamin  E  absorption  in  two  individuals  with  gastric  carcino¬ 
ma  and  lymphatic  leukemia,  respectively,  they  found  fractional  ab¬ 
sorption  in  the  lymphatics  to  be  only  21  and  29  percent  of  label 
from  meals  containing  a-tocopherol  and  a-tocopheryl  acetate,  re¬ 
spectively. 

Vitamin  E  absorption  from  the  intestinal  lumen  is  dependent 
upon  biliary  and  pancreatic  secretions,  micelle  formation,  uptake 
into  enterocytes,  and  chylomicron  secretion.  Defects  at  any  step 
lead  to  impaired  absorption  (Gallo-Torres,  1970;  Harries  and 
Muller,  1971;  Sokol,  1993;  Sokol  et  al.,  1983,  1989).  Chylomicron 
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secretion  is  required  for  vitamin  E  absorption  and  was  suggested  by 
Muller  et  al.  (1974)  to  be  the  most  important  factor  for  efficient 
vitamin  E  absorption.  All  of  the  various  vitamin  E  forms  studied, 
including  a-  and  y-tocopherols  (Meydani  et  al.,  1989;  Traber  and 
Kayden,  1989;  Traber  et  al.,  1992),  RRR-  and  £ftft-a-tocopherols 
(Kiyose  et  al.,  1997;  Traber  et  al.,  1990a,  1992),  or  RRR-  and  allrac- 
(X-tocopherols  (Traber  et  al.,  1994a),  showed  similar  apparent  ef¬ 
ficiencies  of  intestinal  absorption  and  subsequent  secretion  in  chy¬ 
lomicrons.  During  chylomicron  catabolism,  some  vitamin  E  is 
distributed  to  all  of  the  circulating  lipoproteins  (Figure  6-4) . 

Preferential  Secretion  of  a-Tocopherol  from  the  Liver.  Chylomicron 
remnants,  containing  newly  absorbed  vitamin  E,  are  taken  up  by 
the  liver.  Vitamin  E  is  secreted  from  the  liver  in  very  low  density 
lipoproteins  (VLDLs),  as  demonstrated  in  rats  (Cohn  et  al.,  1988), 
isolated  rat  hepatocytes  (Bjorneboe  et  al.,  1987;  Cohn  et  al., 
1988),  and  perfused  monkey  livers  (Traber  et  al.,  1990b).  Plasma 
vitamin  E  concentrations  depend  upon  the  secretion  of  vitamin  E 
from  the  liver,  and  only  one  form  of  vitamin  E,  a-tocopherol,  is 
preferentially  resecreted  by  the  liver  (Figure  6-5)  (Traber,  1999). 
Thus,  the  liver,  not  the  intestine,  discriminates  between  tocopherols 
and  is  responsible  for  the  preferential  plasma  enrichment  with  a- 
tocopherol.  a-TTP  is  a  likely  candidate  for  this  discriminatory 
function  (see  below) . 

Hepatic  a-Tocopherol  Transfer  Protein  (a- FTP).  a-TTP  was  first  iden¬ 
tified  (Catignani  and  Bieri,  1977),  purified,  and  characterized  from 
rat  liver  cytosol  (Sato  et  al.,  1991;  Yoshida  et  al.,  1992).  It  has  also 
been  isolated  from  human  liver  cytosol  (Kuhlenkamp  et  al.,  1993), 
and  the  human  complementary  deoxyribonucleic  acid  (cDNA)  se¬ 
quence  has  been  reported  (Arita  et  al.,  1995).  The  human  cDNA 
sequence  (encoding  238  amino  acids)  has  94  percent  homology  to 
the  rat  sequence,  and  the  some  similarity  to  sequences  for  the 
retinaldehyde  binding  protein  in  the  retina  and  to  sec  14,  a  phos¬ 
pholipid  transfer  protein  (Arita  et  al.,  1995). 

In  vitro,  a-TTP  transfers  a-tocopherol  between  liposomes  and 
microsomes  (Hosomi  et  al.,  1997;  Sato  et  al.,  1991).  The  relative 
affinities  of  a-TTP  toward  the  various  forms  of  vitamin  E  (calculated 
from  the  degree  of  competition  with  RRR-a-tocophero\)  are  RRR- a- 
tocopherol  =  100  percent;  #ftft-P-tocopherol  =  38  percent;  RRR-y- 
tocopherol  =  9  percent;  RRR-&- tocopherol  =  2  percent;  a-tocopheryl 
acetate  =  2  percent;  a-tocopheryl  quinone  =  2  percent;  SRR- a- 
tocopherol  =  11  percent;  a-tocotrienol  =12  percent;  and  Trolox  =  9 
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Ingested 


FIGURE  64  Vitamin  E  secretion  in  chylomicrons  and  distribution  to  circulating 
lipoproteins. 

NOTE:  HDL  =  high-density  lipoprotein;  LPL  =  lipoprotein  lipase. 

SOURCE:  Adapted  from  Traber  (1999). 


percent  (Hosomi  et  al.,  1997).  Data  on  the  affinity  of  a-TTP  for  the 
other  2tf-stereoisomers  (RSR-,  RRS-,  and  RSS-)  of  a-tocopherol  has 
not  been  reported. 

Plasma  Vitamin  E  Kinetics.  A  kinetic  model  of  vitamin  E  transport 
in  human  plasma  has  been  developed  using  data  from  studies  with 
deuterium-labeled  stereoisomers  of  a-tocopherol  ( RRR  and  SRR) 
(Traber  et  al.,  1994b).  The  apparent  half-life  of  RRR- a-tocopherol 
in  normal  subjects  was  approximately  48  hours,  consistent  with  the 
“slow”  disappearance  of  RRR- a-tocopherol  from  the  plasma,  where¬ 
as  the  half-life  for  SRR- a-tocopherol  was  approximately  13  hours. 
The  half-life  of  y-tocopherol  in  normal  subjects  has  been  estimated 
to  be  approximately  15  hours  (Acuff  et  al.,  1997). 
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LDL  HDL 


FIGURE  6-5  RRRjx- Tocopherol  is  preferentially  resecreted  by  the  liver  and  distrib¬ 
uted  to  circulating  lipoproteins.  NOTE:  HDL  =  high-density  lipoprotein;  LDL  = 
low-density  lipoprotein;  VLDL  =  very  low-density  lipoprotein. 

SOURCE:  Adapted  from  Traber  (1999). 


In  three  people  with  ataxia  and  vitamin  E  deficiency  (AVED)  sec¬ 
ondary  to  a  defect  in  the  a-TTP  gene  (Cavalier  et  al.,  1998),  the 
half-lives  for  both  RRR-  and  £ft/?-a-tocopherols  were  approximately 
13  hours  (Traber  et  al.,  1994b).  These  studies  demonstrate  that 
RRR-  and  SilR-a-tocopherols  in  the  AVED  patients  disappear  at  the 
same  rate  as  SRR- a-tocopherol  in  the  control  subjects.  This  suggests 
that  a-TTP,  which  is  defective  in  the  AVED  patients,  is  responsible 
for  the  longer  half-life  of  iffi/?-a-tocopherol  in  the  control  subjects. 
It  was  estimated  that  resecretion  of  iffift-a-tocopherol  by  the  liver  in 
the  control  subjects  resulted  in  the  daily  replacement  of  nearly  all 
of  the  circulating  RRR- a-tocopherol.  Thus,  the  liver  maintains 
plasma  ilRjR-a-tocopherol  concentrations  by  a  continuous  resecre¬ 
tion  process.  In  contrast,  other  forms  of  vitamin  E  (e.g.,  SRR-a-  and 
y-tocopherols)  are  not  resecreted  into  the  plasma. 

Metabolism 

Oxidation  Products.  a-Tocopherol  can  be  oxidized  to  the 
tocopheroxyl  radical — one-electron  oxidation  product — which  can 
be  reduced  back  to  the  unoxidized  form  by  reducing  agents  such  as 
vitamin  C.  Further  oxidation  of  the  tocopheroxyl  radical  forms 
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tocopheryl  quinone,  the  two-election  oxidation  product.  The 
tocopheryl  quinone  is  not  converted  in  any  physiologically  signifi¬ 
cant  amounts  back  to  tocopherol  (Moore  and  Ingold,  1997).  Other 
oxidation  products,  including  dimers  and  trimers  as  well  as  adducts 
(Kamal-Eldin  and  Appelqvist,  1996),  are  formed  during  in  vitro 
oxidation;  their  importance  in  vivo  is  unknown. 

Other  Metabolites.  Vitamin  E  metabolites  in  human  urine  include 
both  2,5,7,8-tetramethyl-2-(2'-carboxyethyl)-6-hydroxychroman  (a- 
CEHC)  derived  from  a-tocopherol  (Schultz  et  al.,  1995,  1997)  and 
2,7,8-trimethyl-2-(2'-carboxyethyl)-6-hydroxychroman  (y-CEHC) 
derived  from  y-tocopherol  (Murray  et  ah,  1997;  Wechter  et  ah, 
1996).  These  metabolites  result  from  degradation  of  the  phytyl  tail; 
the  chromanol  ring  is  unchanged  and  thus  they  are  not  oxidation 
products  of  vitamin  E.  It  is  unknown  where  these  metabolites  are 
formed. 

Excretion 

Urinary  Excretion.  Increasing  doses  of  supplemental  vitamin  E  in 
humans  result  in  increasing  urinary  excretion  of  the  a-CEHC 
metabolite  (Schultz  et  ah,  1995).  Interestingly,  three  times  as  much 
all  rac-a-tocopherol  as  compared  with  RRR- a-tocopherol  is  excreted 
as  a-CEHC,  while  twice  as  much  RRR-a-tocopherol  is  found  in  the 
plasma  (Traber  et  ah,  1998),  suggesting  that  these  urinary  metabo¬ 
lites  may  be  indicators  of  nonpreferentially  utilized  vitamin  E  forms. 
Indeed,  Swanson  et  ah  (1998,  1999)  showed  that  about  half  of  the 
ingested  y-tocopherol  is  metabolized  and  excreted  as  y-CEHC.  This 
metabolite  has  been  reported  to  inhibit  the  potassium  channel  and 
increase  urinary  sodium  excretion  (Kantoci  et  ah,  1997;  Murray  et 
ah,  1997;  Wechter  et  ah,  1996).  Thus,  urinary  excretion  of  CEHC 
may  indicate  excess  vitamin  E  intake.  However,  this  has  yet  to  be 
definitively  demonstrated,  and  no  physiological  role  for  the  in  vivo 
effects  of  y-CEHC  have  been  established. 

Fecal  Excretion.  The  major  route  of  excretion  of  ingested  vitamin 
E  is  fecal  elimination  because  of  its  relatively  low  intestinal  absorp¬ 
tion.  Excess  a-tocopherol,  as  well  as  forms  of  vitamin  E  not  prefer¬ 
entially  used,  are  probably  excreted  unchanged  in  bile  (Traber  and 
Kayden,  1989).  Leo  et  ah  (1995)  report  a-tocopherol  concentra¬ 
tions  in  human  bile  of  8.4  ±  0.9  (SD)  pmol/L  (361  ±  38.7  pg/ dL) 
compared  with  23.2  ±  1.7  (SD)  yimol/L  (998  ±  73  pg/ dL)  in  plasma. 
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Storage 

Tissues  are  dependent  upon  uptake  of  vitamin  E  from  plasma 
(Traber,  1999).  No  specific  plasma  transport  proteins  have  been 
described;  therefore,  it  is  likely  that  the  mechanisms  of  lipoprotein 
metabolism  determine  the  delivery  of  vitamin  E  to  tissues.  Tissues 
probably  acquire  vitamin  E  by  several  major  routes:  (1)  during  lipo¬ 
protein  lipase  mediated  triglyceride-rich  lipoprotein  catabolism;  (2) 
during  low-density  lipoprotein  (LDL)  uptake  via  the  LDL  receptor; 
(3)  via  high-density  lipoprotein  (HDL) -mediated  delivery  systems; 
and  (4)  by  nonspecific  transfers  between  lipoproteins  and  tissues. 
Vitamin  E  rapidly  transfers  between  various  lipoproteins  and  also 
between  lipoproteins  and  membranes,  which  may  enrich  mem¬ 
branes  with  vitamin  E.  The  human  plasma  phospholipid  transfer 
protein  accelerates  this  process  (Kostner  et  al.,  1995). 

Human  tissue  vitamin  E  contents  have  been  reported  mostly  from 
relatively  easy-to-sample  tissues  (e.g.,  adipose  tissue  and  buccal  mu¬ 
cosal  cells)  (Handelman  et  al.,  1994;  Kayden  et  al.,  1983;  Parker, 
1988;  Peng  et  al.,  1994;  Traber  and  Kayden,  1987;  Traber  et  al., 
1987).  To  obtain  a  variety  of  human  tissues,  Burton  et  al.  (1998) 
enlisted  two  terminally  ill  subjects  who  agreed  to  daily  supplementa¬ 
tion  with  deuterated  (d3-RRR-  and  d^allrac)  a-tocopherols.  At  death, 
an  autopsy  was  performed  to  obtain  various  tissues.  One  subject 
took  15  mg  (32  pmol)  d3-RRR-  and  15  mg  (32  pmol)  d^all  rac-a - 
tocopheryl  acetate  for  361  days,  while  the  other  took  150  mg  (320 
pmol)  d3-RKR-  plus  150  mg  (320  pmol)  d^-all  rac-a-tocopheryl  ace¬ 
tates  for  615  days.  Tissue  unlabeled  a-tocopherol  concentrations 
were  generally  similar  in  both  patients.  In  the  patient  who  con¬ 
sumed  30  mg  (64  pmol) /day  labeled  vitamin  E  for  1  year,  about  5.9 
±  2.2  (SD)  percent  of  the  tissue  vitamin  E  was  labeled,  while  about 
65  ±  10  (SD)  percent  was  labeled  in  the  patient  who  consumed  a 
total  of  300  mg  (640  pmol)  daily  for  2  years.  The  RRR/all  rac  ratios 
in  plasma  and  tissues  at  autopsy  were  similar  in  both  patients  (2.06 
and  1.71  ±0.24  (SD),  respectively,  on  the  lower  dose  and  2.11  and 
2.01  ±0.17  (SD),  respectively,  on  the  higher  dose). 

The  results  indicate  that  the  .RRR-stereoisomer  has  roughly  twice 
the  availability  of  the  all  rac  forms.  The  effect  of  300  mg  vitamin  E 
supplementation  was  to  increase  plasma  cn-tocopherol  concentra¬ 
tions  threefold  and  to  at  least  double  most  tissue  concentrations, 
while  supplementation  with  30  mg  had  little  effect  on  either  plasma 
or  tissue  a-tocopherol  concentrations.  These  data  suggest  that  tis¬ 
sue  a-tocopherol  concentrations  largely  reflect  changes  in  plasma 
concentrations  of  a-tocopherol  and  that  larger  doses  increase  tissue 
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a-tocopherol  concentrations,  including  those  in  the  nervous  tissues 
(Burton  et  al.,  1998).  Importantly,  the  lower  dose,  even  though 
given  for  more  than  a  year  and  a  half,  did  not  increase  tissue  oc- 
tocopherol  concentrations. 

Clinical  Effects  of  Inadequate  Intake 

Prevalence  of  Vitamin  E  Deficiency 

Vitamin  E  deficiency  occurs  only  rarely  in  humans,  and  overt  defi¬ 
ciency  symptoms  in  normal  individuals  consuming  diets  low  in  vita¬ 
min  E  have  never  been  described.  Vitamin  E  deficiency  occurs  only 
as  a  result  of  genetic  abnormalities  in  a-TTP,  as  a  result  of  various 
fat  malabsorption  syndromes  (Rader  and  Brewer,  1993;  Sokol, 
1993),  or  as  a  result  of  protein-energy  malnutrition  (Kalra  et  al., 
1998;  Laditan  and  Ette,  1982). 

Only  a  handful  of  families  with  clinically  evident  vitamin  E  defi¬ 
ciency  due  to  a  mutation  of  the  a-TTP  have  been  described  (Cava¬ 
lier  et  al.,  1998).  The  prevalence  of  less  drastic  abnormalities  in  a- 
TTP,  or  the  occurrence  of  heterozygotes  for  a-TTP  gene  defects,  is 
not  known.  It  is  important  to  note  that  symptoms  associated  with  a- 
TTP  defects  and  malabsorption  syndromes  can  be  reversed  by  vita¬ 
min  E  supplementation  if  it  is  provided  before  irreversible  neuro¬ 
logical  injury  occurs  (Kohlschutter  et  al.,  1988;  Muller  et  al.,  1985; 
Schuelke  et  al.,  1999;  Sokol  et  al.,  1985,  1988). 

Clinical  Signs  of  Deficiency 

The  primary  human  vitamin  E  deficiency  symptom  is  a  peripheral 
neuropathy  characterized  by  the  degeneration  of  the  large-caliber 
axons  in  the  sensory  neurons  (Sokol,  1988).  Other  vitamin  E  defi¬ 
ciency  symptoms  observed  in  humans  include  spinocerebellar  atax¬ 
ia,  skeletal  myopathy,  and  pigmented  retinopathy  (Sokol,  1993). 
Typical  symptoms  of  vitamin  E  deficiency  are  given  in  Table  6-2. 

A  distinct  pattern  in  the  progression  of  neurologic  symptoms 
resulting  from  vitamin  E  deficiency  in  humans  has  been  described 
(Sokol,  1993).  By  the  end  of  the  first  decade  of  life  untreated  pa¬ 
tients  with  chronic  cholestatic  hepatobiliary  disease  have  a  combi¬ 
nation  of  spinocerebellar  ataxia,  neuropathy,  and  ophthalmoplegia. 
However,  the  progression  of  neurological  symptoms  is  slower  in 
children  with  cystic  fibrosis  and  abetalipoproteinemia.  The  symp¬ 
tomatology  of  vitamin  E  deficiency  in  AVED  is  similar  to  that  found 
in  these  latter  patients  (Amiel  et  al.,  1995;  Sokol  et  al.,  1988).  These 
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observations  suggest  that  in  patients  with  cholestatic  liver  disease, 
there  is  increased  oxidative  stress,  perhaps  as  a  result  of  copper 
accumulation  in  the  liver  (Bayliss  et  al.,  1995). 

Hemolysis,  using  hydrogen  peroxide  or  other  oxidants  added  in 
vitro,  has  been  used  as  a  test  for  vitamin  E  adequacy  in  subjects 
thought  to  be  at  risk  for  vitamin  E  deficiency  (Boda  et  al.,  1998; 
Farrell  et  al.,  1977).  These  tests  suggest  that  plasma  a-tocopherol 
concentrations  of  14  pmol/L  (600  pg/dL)  are  sufficient  to  prevent 
hemolysis  (Farrell  et  al.,  1977). 


SELECTION  OF  INDICATORS  FOR  ESTIMATING  THE 
REQUIREMENT  FOR  cc-TOCOPHEROL 

Lipid  Peroxidation  Markers 

Several  biomarkers  measured  in  plasma,  urine,  or  breath  have 
been  used  to  reflect  the  degree  of  lipid  peroxidation  in  vivo.  These 
include  thiobarbituric  acid  reactive  substances  (TBARS) ,  malondi- 
aldehyde,  conjugated  dienes,  pentane,  ethane,  and  the  F2-isopros- 
tanes. 

Quantification  of  F2-isoprostanes,  isomers  of  prostaglandin  F2,  has 
been  suggested  by  a  number  of  investigators  as  the  most  reliable 
index  of  in  vivo  free-radical  generation  and  oxidative  lipid  damage 
(Morrow  et  al.,  1999).  The  F2-isoprostanes  are  formed  in  mem¬ 
branes  from  arachidonyl-containing  lipids  largely  as  a  result  of  free 
radical-catalyzed  lipid  peroxidation  (Klein  et  al.,  1997;  Moore  and 
Roberts,  1998).  The  F2-isoprostanes  are  increased  in  vitamin  E-defi- 
cient  rats  (Awad  et  al.,  1994).  Importantly,  their  excretion  was  de¬ 
pressed  in  humans  by  consuming  antioxidant  vitamin  supplements 
(Delanty  et  al.,  1996;  Reilly  et  al.,  1996).  Furthermore,  in  an  animal 
atherosclerosis  model,  the  apoE-deficient  mouse,  vitamin  E  supple¬ 
mentation  not  only  suppressed  F2-isoprostane  production  but  also 
decreased  atherosclerotic  lesion  formation  (Pratico  et  al.,  1998). 

In  general,  lipid  peroxidation  markers  are  elevated  during  vita¬ 
min  E  depletion  and  their  levels  can  be  normalized  upon  vitamin  E 
repletion.  However,  these  markers  are  not  necessarily  specific  to 
vitamin  E,  since  changes  in  intake  of  other  antioxidants  can  also 
change  the  levels  of  these  markers.  At  present,  there  is  no  evidence 
that  lowering  lipid  peroxidation  marker  levels  is  associated  with 
health  benefits.  Therefore,  estimates  of  lipid  peroxidation  products 
have  not  been  used  for  establishing  a-tocopherol  requirements. 
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TABLE  6-2  Vitamin  E  Deficiency  Symptoms  in  Subjects  with 
Ataxia  with  Vitamin  E  Deficiency 


Reference  Country  Subjects  Clinical  Features 


Burck  et  al., 
1981 

Germany 

n  =  1  male; 
aged  12 

Laplante  et  al., 
1984 

Canada 

77  =  1  male; 
aged  10 

Harding  et  al., 
1985 

United 

Kingdom 

n  =  1  female; 
aged  23 
(aged  13 
at  onset) 

Krendel  et  al., 
1987 

United 

States 

n  =  1  male; 
aged  19 

Stumpf  et  al., 
1987 

Italy 

n  =  1  female; 
aged  30 
(aged  4 
at  onset) 

Ataxia 

Sensory  neuropathy 
Muscle  hypertrophy 

Areflexia 

Gait  and  limb  ataxia 
Muscle  weakness 
Decreased  vibration  sense 
Decreased  proprioception 
Limb  dysmetria 
Babinski  sign 

Head  titubation 
Reduced  muscle  tone 
Ataxia 
Areflexia 
Romberg  sign 

Defective  or  absent  vibration  sense 
Impaired  proprioception 

Severe  dysarthria 
Unintelligible  speech 
Bradykinesia 
Absent  tendon  reflexes 

Dysarthria 
Dystonic  smile 

Absent  position  sensation  in  leg 
and  hands 

Absent  tendon  reflexes 
Mildly  dysmetric 
Extensor  plantar  responses 
Moderately  ataxic  heel  to  shin 
movements 
Romberg  sign 
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Genetic  Abnormalities 

in  a-TPPa  Gene  Histological/Biochemical  Features 


530AG-»6/530AG^6  Low  serum  vitamin  E  concentration: 
mutation  <2.3  pmol/L  (1.0  pg/mL) 

(normal:  20.2  pmol/L  [8.7  pg/mL]) 

R134X  mutation  Low  blood  vitamin  E  concentration: 

<2.3  pmol/L  (1.0  pg/mL) 

(normal:  12-28  pmol/L  [5-12  pg/mL]) 


NDfe  No  detectable  vitamin  E  in  serum 

(normal:  12-35  pmol/L  [5-15  pg/mL]) 

All  other  histologic  and  biochemical  measurements 
were  normal 


ND  Low  serum  vitamin  E  concentration: 

1.6  pmol/L  (0.7  pg/mL) 

(normal:  >12  pmol/L  [5  pg/mL]) 

ND  Reduced  sensory  nerve  amplitudes 

Low  serum  vitamin  E  concentration: 

<2.3  pmol/L  (1.0  pg/mL) 

(normal:  12-46  pmol/L  [5-20  pg/mL]) 

Low  serum  vitamin  E  to  total  serum  lipids  ratio: 
<0.15  mg/g  (normal:  >0.8  mg/g) 

Skeletal  muscle  changes  characteristic  of  vitamin  E 
deficiency  (fiber  size  variation,  coarse  intra- 
myofibrillar  network,  fiber-type  grouping,  and 
lysosomal  inclusions) 

Normal  fat  excretion,  mitochondria  function, 

cytochrome  c  oxidase  activity,  and  ADPc:0^  ratios 


continued 
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TABLE  6-2  Continued 


Reference 

Country 

Subjects 

Clinical  Features 

Gotoda  et  al., 
1995 

Japan 

77—1  male; 
aged  62 
(aged  52 
at  onset) 

Unsteadiness  in  the  dark 

Slurred  and  scanning  speech 
Moderate  ataxia  in  all  extremities 
Flexor  plantar  responses 

Reduced  reaction  to  touch  and 
pinprick 

No  joint  position  sense  in  toes 
Broad-based  and  ataxic  gait 
Romberg  sign 

No  knee  or  ankle  reflexes 
Numbness  in  fingers  and  toes 

Kohlschiitter 
et  al.,  1988 

Germany 

77—1  male; 
aged  19 

Ataxia 

Sensory  neuropathy 

Lipopigment  deposition 

Sokol  et  al., 
1988 

United 

States 

7?  =  1  male 
and  3 
females; 
aged  21-30 

Head  titubation 

Intention  tremor  in  hand 
Difficulty  walking 

Progressive  ataxia 

Dysarthria 

Vibratory  and  sensory'  loss 
Incontinence 

Pes  cavus 

Position  sense  loss 

Trabert  et  al., 
1989 


Ben  Hamida 
et  al.,  1993 


Germany  n  =  1  male;  Cerebellar  ataxia 

aged  26  No  tendon  reflexes  in  lower  limbs 

Vibration  sense  disturbances 
Babinsky  sign 
Head  titubation 


Tunisia  n  =  7  Severe  cerebellar  ataxia 

Friedreich’s  Severe  dysarthria 

ataxia  Slight  deep  sensory  loss 

patients;  Slight  Babinski  signs 

aged  21-34  Slight  Pes  cavus 

Slight  kyphoscoliosis 
Absent  to  moderate 
cardiomyopathy/ 
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Genetic  Abnormalities 
in  a-TPP0  Gene 

Histological/Biochemical  Features 

Homozygous  for 
HislOlGln  point 
mutation 

Low  serum  vitamin  E  concentration: 

2.6  pmol/L  (1.1  pg/mL) 

(normal:  12-46  pmol/L  [5-20  pg/mL]) 

Low  muscle  vitamin  E:  1.6  pg/g 
(normal:  10.5-25.7  pg/g) 

Low  serum  vitamin  E  to  total  lipid  ratio:  0.19  mg/g 
(normal:  >0.80  mg/g) 

Low  vitamin  E  in  erythrocytes: 

0.5  pmol/L  (0.2  pg/mL) 

(normal:  3.9-12.5  pmol/L  [1.7-5. 4  pg/mL]) 

Normal  serum  cholesterol  and  serum  triglycerides 

530AG->6/530AG->6 

mutation 

Subnormal  serum  vitamin  E  concentration: 

<2.3  pmol/L  (1.0  pg/mL) 

(normal:  7-32  pmol/L  [3-14  pg/mL]) 

Elevated  TBARSe 

R192H/513insTT 

mutation 

Low  serum  vitamin  E: 

2. 3-4.2  pmol/L  (1. 0-1.8  pg/mL) 

(normal:  10.9-47.1  pmol/L  [4.7-20.3  pg/mL]) 

Low  serum  E  to  total  lipids  ratio: 

0.13-0.38  mg/g 
(normal:  >0.80  mg/g) 

Abnormal  hydrogen  peroxide  hemolysis:  38-50% 
(normal:  <10%) 

Low  to  reduced  adipose  tissue  vitamin  E  content: 
28-143  ng/mg 
(normal:  150-400  ng/mg) 

Low  sural  nerve  vitamin  E  content:  0. 8-2.9  ng/pg 
(normal:  2.1-62.5  ng/pg) 

744delA  mutation 

Low  vitamin  E  concentration: 

<2.3  pmol/L  (1.0  pg/mL) 

(normal:  20.2  pmol/L  [8.7  pg/mL]) 

744delA  mutation 

Very  low  serum  vitamin  E  concentration: 

0.72-2.02  pmol/L  (0.31-0.87  pg/mL) 

(normal:  20.2  pmol/L  [8.7  pg/mL]) 

continued 
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TABLE  6-2  Continued 


Reference 

Country 

Subjects 

Clinical  Features 

Shorer  et  al., 
1996 

Israel 

n  =  4  females 
(sisters); 
aged  11-24 

Dysarthria 

Absent  tendon  reflexes 

Intention  tremor 

Gait  ataxia 

Pes  cavus 

Hyperlordosis 

Retinopathy 

Hammans  and 
Kennedy, 

1998 

United 

Kingdom 

n  =  1;  female; 
aged  16 
(age  6 
at  onset) 

Mild  thoracic  scoliosis 

Head  titubation  j 

Gait  and  limb  ataxia 

Areflexia 

Upgoing  plantar  responses 

Dysarthria 

Martinello 
et  al.,  1998 

Italy 

n  -  1  male; 
aged  26 
(age  5 
at  onset) 

Ataxia 

No  deep  tendon  reflexes 

Decreased  muscle  strength 

Diminished  trophism 

Bilateral  Babinski’s  sign 

Scoliosis 

Reduced  vibratory  sensation 

Severe  dysmetria  and  dysarthria 

Bilateral  pes  cavus 

Fasciculations  of  the  tongue 

NOTES:  Lipid  absorption  was  normal  in  all  cases.  There  were  no  reports  of  anemia, 
lipid  peroxidation  products,  or  lipofuscin. 

a  a-TTP  gene  =  a-tocopherol  transfer  protein  gene. 

^  ND  =  not  determined. 


Oxidation  Products  of  DNA  or  Proteins 

Vitamin  E  has  not  been  shown  to  directly  protect  deoxyribonucle¬ 
ic  acid  (DNA)  or  proteins  against  oxidative  damage  (Halliwell, 
1999).  Therefore,  DNA  adducts  or  protein  carbonyls  were  not  used 
to  assess  a-tocopherol  requirements. 

Vitamin  E  Metabolite  Excretion 

Excretion  of  vitamin  E  metabolites  have  been  shown  in  one  study 
to  increase  with  increasing  vitamin  E  intake  in  humans  (Schultz  et 
al.,  1995).  Increasing  amounts  of  2,5,7, 8-tetramethyl-2-(2'-carboxy- 
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Genetic  Abnormalities 
in  a-TPPa  Gene 

Histological/Biochemical  Features 

Found  no  mutations 
or  polymorphisms 
in  the  a-TTP  gene 

Low  serum  vitamin  E  concentration: 

0.05-1.18  pmol/L  (0.02-0.51  pg/mL) 

(normal:  12-46  pmol/L  [5-20  pg/mL]) 

Found  no  mutations 
in  the  frataxin  gene 

Low  serum  vitamin  E  concentration: 

2.8  and  5.3  pmol/L  (1.2  and  2.3  pg/mL) 

(normal:  12-37  pmol/L  [5-16  pg/mL]) 

Slightly  low  sensory  action  potentials 

t  Homozygous  for 

513insTT  mutation 

Low  serum  vitamin  E  concentration: 

<5  pmol/L  (2  pg/mL) 

(normal:  10-42  pmol/L  [4-18  pg/mL]) 

CADP  =  adenosine  diphosphate. 

^  O  =  oxygen. 

e  TBARS  =  thiobarbituric  acid  reactive  substances. 

/ This  was  the  only  report  of  any  cardiomyopathy. 

ethyl) -6-hydroxychroman  (a-CEHC)  were  excreted  in  the  urine 
when  a  plasma  threshold  of  30  pmol/L  (1,290  pg/ dL)  of  a-tocopherol 
was  exceeded.  However,  the  a-CEHC  metabolite  represents  only  a 
small  fraction  of  the  a-tocopherol  consumed  daily,  and  there  are 
few  data  concerning  its  formation.  Therefore,  a-CEHC  excretion 
has  not  been  used  as  a  basis  for  assessing  the  a-tocopherol  require¬ 
ment. 


Vitamin  E  Biokinetics 

Vitamin  E  kinetics,  metabolism,  and  pool  size  determinations  in 
humans  have  been  limited.  Therefore,  insufficient  data  exist  for 
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assessing  human  requirements  for  the  amounts  needed  to  maintain 
body  pools.  Almost  no  data  exist  on  pool  sizes  or  tissue  concentra¬ 
tions  of  vitamin  E,  especially  the  various  forms  of  vitamin  E.  Studies 
using  isotope-labeled  vitamin  E  may  provide  kinetic  data  that  can  be 
used  to  determine  daily  a-tocopherol  requirements  in  the  future. 

Vitamin  E  Deficiency  Symptoms 

Overt  vitamin  E  deficiency  is  so  rare  in  humans  that  signs  of  defi¬ 
ciency  (e.g.,  neurological  abnormalities)  and  comparisons  of  defi¬ 
ciency  signs  with  dietary  intakes  are  simply  not  available  to  serve  as 
a  basis  for  estimating  requirements. 

Plasma  a-Tocopherol  Concentration 

Several  studies  have  reported  the  determinants  of  plasma  a- 
tocopherol,  as  measured  by  high-performance  liquid  chromatogra¬ 
phy  methods,  and  provided  mathematical  models  that  attempted  to 
correlate  usual  vitamin  E  intakes  with  normal  plasma  concentra¬ 
tions  (Ascherio  et  al.,  1992;  Gascon-Vila  et  al.,  1997;  Kardinaal  et 
ah,  1995;  Stryker  et  ah,  1988).  Kardinaal  et  ah  (1995)  reported  that 
plasma  a-tocopherol  concentrations  were  not  associated  with  dietary 
intake,  whereas  others  (Ascherio  et  ah,  1992;  Stryker  et  ah,  1988) 
report  that  associations  seen  were  largely  due  to  vitamin  E  supple¬ 
ment  intake.  Recently,  Ford  and  Sowell  (1999)  reported  that  plasma 
a-tocopherol  concentrations  in  the  Third  National  Health  and 
Nutrition  Examination  Survey  (NHANES  III)  did  not  correlate  with 
the  24-hour  dietary  recall  data.  In  any  case,  the  correlation  between 
intake  and  normal  vitamin  E  plasma  concentrations  (greater  than 
16  pmol/L  [688  pg/ dL] )  is  not  strong  and  could  not  be  used  as  the 
basis  for  estimating  the  a-tocopherol  requirement.  However,  in 
vitamin  E-depIeted  subjects  a  linear  increase  in  plasma  a-tocopherol 
concentration  was  found  with  increasing  vitamin  E  intake  up  to  17 
mg  (39.5  pmol)/day  (Horwitt,  1960). 

Hydrogen  Peroxide-Induced  Hemolysis 

Studies  in  children  with  cystic  fibrosis  and  in  vitamin  E-depleted 
adults  provide  evidence  for  the  relationship  between  vitamin  E 
status,  plasma  a-tocopherol  concentrations,  and  erythrocyte  suscep¬ 
tibility  to  hydrogen  peroxide-induced  lysis  (Farrell  et  ah,  1977; 
Horwitt,  1960).  The  children  become  vitamin  E  deficient  because 
the  impaired  secretion  of  pancreatic  digestive  enzymes  causes 
steatorrhea  and  vitamin  E  malabsorption,  even  when  pancreatic 
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enzyme  supplements  are  administered  orally.  More  severe  vitamin 
E  deficiency  symptoms,  including  neurological  abnormalities,  oc¬ 
cur  if  bile  secretion  is  also  impaired  in  the  children  (Cynamon  et 
al.,  1988;  Elias  et  al.,  1981;  Farrell  et  al.,  1977;  Sokol  et  al.,  1989; 
Stead  et  al.,  1986;  Winklhofer-Roob  et  al.,  1996a, b).  Breath  ethane, 
a  lipid  peroxidation  marker,  and  erythrocyte  susceptibility  to  in  vit¬ 
ro  hydrogen  peroxide  lysis  have  been  inversely  correlated  with  plas¬ 
ma  a-tocopherol  concentrations  in  children  and  adults  with  vita¬ 
min  E  deficiency  as  defined  by  low  plasma  vitamin  E  concentrations 
(Refat  et  al.,  1991).  Moreover,  both  the  markers  (breath  ethane 
concentrations  and  erythrocyte  lysis)  and  the  symptoms  of  neuro¬ 
logical  abnormality  can  be  corrected  with  supplemental  vitamin  E. 

Relationship  of  Vitamin  E  Intake  to  Chronic  Diseases 
Cardiovascular  Disease 

The  hypothesis  that  oxidized  low-density  lipoprotein  (oxLDL)  is  a 
causative  agent  in  the  development  of  cardiovascular  disease  (Stein¬ 
berg  et  al.,  1989)  continues  to  dominate  experimental  protocols 
aimed  at  understanding  the  cause,  and  potentially  the  prevention, 
of  cardiovascular  disease. 

Vitamin  E  does  inhibit  LDL  oxidation  whether  induced  by  cells  in 
culture  (Steinbrecher  et  al.,  1984)  or  by  copper  ion  in  vitro  (Die- 
ber-Rotheneder  et  al.,  1991;  Jialal  et  al.,  1995;  Reaven  et  al.,  1993). 
In  addition,  vitamin  E  could  affect  atherogenesis  at  a  number  of 
steps,  based  on  the  following  in  vitro  observations: 

•  Vitamin  E  inhibits  smooth  muscle  cell  proliferation  through 
the  inhibition  of  protein  kinase  C  (Azzi  et  al.,  1995;  Boscoboinik  et 
al.,  1991;  Chatelain  et  al.,  1993). 

•  Vitamin  E  inhibits  platelet  adhesion,  aggregation,  and  plate¬ 
let  release  reactions  (Freedman  et  al.,  1996;  Higashi  and  Kikuchi, 
1974;  Ishizuka  et  al.,  1998;  Steiner  and  Anastasi,  1976). 

•  Vitamin  E  inhibits  plasma  generation  of  thrombin,  a  potent 
endogenous  hormone  that  binds  to  platelet  receptors  and  induces 
aggregation  (Rota  et  al.,  1998). 

•  Vitamin  E  decreases  monocyte  adhesion  to  the  endothelium 
by  downregulating  expression  of  adhesion  molecules  (Devaraj  et 
al.,  1996;  Faruqi  et  al.,  1994;  Islam  et  al.,  1998;  Martin  et  al.,  1997; 
Molenaar  et  al.,  1989)  and  decreasing  monocyte  superoxide  pro¬ 
duction  (Cachia  et  al.,  1998;  Islam  et  al.,  1998). 
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•  In  human  endothelial  cells,  vitamin  E  potentiates  synthesis  of 
prostacyclin,  a  potent  vasodilator  and  inhibitor  of  platelet  aggrega¬ 
tion  (Chan  and  Leith,  1981;  Szczeklik  et  al.,  1985;  Thorin  et  al., 
1994;  Tran  and  Chan,  1990). 

•  Vitamin  E  mediates  upregulation  of  the  expression  of  cytosolic 
phospholipase  A2  and  cyclo-oxygenase  (Chan  et  al.,  1998a, b;  Tran 
et  al.,  1996). 

•  Vitamin  E  enrichment  of  endothelial  cells  in  culture  inhibits 
the  expression  of  intracellular  cell  adhesion  molecule  (ICAM-1)  and 
vascular  cell  adhesion  molecule  (VGAM-1)  induced  by  exposure  to 
oxLDL  (Cominacini  et  al.,  1997). 

Inhibition  of  Atherogenesis  in  Animal  Models.  Studies  of  antioxidants 
and  atherosclerosis  have  been  conducted  using  LDL  receptor-defi¬ 
cient  rabbits,  cholesterol-fed  rabbits,  cholesterol-fed  monkeys,  cho¬ 
lesterol-fed  hamsters,  apoE-deficient  mice,  and  LDL  receptor-defi¬ 
cient  mice  (see  Steinberg,  1997,  for  list).  It  can  be  concluded  that 
the  antioxidant  hypothesis  of  atherosclerosis  is  strongly  supported 
by  a  large  body  of  evidence  in  animal  models  (Parker  et  al.,  1995; 
Pratico  et  al.,  1999;  Sparrow  et  al.,  1992). 

Observational  Epidemiological  Studies.  As  shown  in  Table  6-3,  three 
large  prospective  cohort  studies  involving  both  men  and  women 
found  an  inverse  association  between  estimated  dietary  intake  of 
vitamin  E  and  coronary  heart  disease  (CHD)  risk  (Kushi  et  al., 
1996;  Rimm  et  al.,  1993;  Stampfer  et  al.,  1993) .  One  study  (Rimm  et 
al.,  1993)  included  39,910  male  health  professionals  and  found  a 
nonsignificant  reduction  in  CHD  risk  for  both  total  vitamin  E  in¬ 
take  and  intake  of  vitamin  E  from  supplements.  A  second  study 
(Stampfer  et  al.,  1993)  included  87,245  female  nurses  and  found 
the  reduction  in  CHD  risk  primarily  for  intake  of  vitamin  E  from 
supplements.  In  contrast,  the  third  study,  which  was  carried  out 
among  34,486  postmenopausal  women  (Kushi  et  al.,  1996),  found 
the  decrease  in  risk  only  for  vitamin  E  intake  from  foods  (netf  from 
supplements).  Few  women  in  the  latter  study  took  high  doses  of 
supplemental  vitamin  E,  which  may  account  for  the  difference  in 
findings  from  the  other  two  studies.  Risk  reductions  of  30  to  60 
percent  were  found  for  the  highest,  relative  to  the  lowest,  quintile 
of  intake  in  these  studies. 

In  a  smaller  cohort  study  in  Finland  (2,748  men,  2,385  women), 
a  statistically  significant  inverse  association  between  dietary  intake 
of  vitamin  E  and  coronary  mortality  was  found  in  both  sexes 
(Knekt  et  al.,  1994).  Although  the  use  of  vitamin  supplements  was 
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very  low  in  this  population,  there  was  a  suggested  inverse  associa¬ 
tion  with  supplemental  vitamin  E,  as  well. 

Losonczy  et  al.  (1996)  examined  vitamin  E  and  vitamin  C  sup¬ 
plement  use  in  11,178  subjects  (aged  67  to  105  years)  who  partici¬ 
pated  in  the  Established  Populations  for  Epidemiological  Studies 
of  the  Elderly.  Vitamin  E  supplement  use  reduced  the  risk  of  all¬ 
cause  mortality  (relative  risk  [RR]  =  0.66;  95  percent  confidence 
interval  [Cl]  0.53  to  0.83)  and  risk  of  coronary  disease  mortality 
(RR  =  0.53;  95  percent  Cl  0.34  to  0.84). 

Additional  data  on  the  correlation  between  vitamin  E  and  ath¬ 
erosclerosis  were  reported  in  the  subjects  who  participated  in  the 
Cholesterol  Lowering  Atherosclerosis  Study  (CLAS),  which  was  a 
randomized,  placebo-controlled  trial  in  men  who  had  undergone 
coronary  bypass  surgery  (Azen  et  al.,  1996a, b;  Hodis  et  al.,  1995). 
Subjects  were  intensively  treated  with  colestipol-niacin  and  advised 
to  follow  a  cholesterol-lowering  diet,  or  were  given  dietary  counsel¬ 
ing  alone.  Vitamin  E  intakes,  obtained  by  dietary  questionnaires, 
were  inversely  correlated  with  progression  of  atherosclerosis  in 
coronary  and  carotid  arteries.  All  subjects  combined,  those  with 
supplementary  vitamin  E  (100  IU/day  or  more)  demonstrated  sig¬ 
nificantly  less  coronary  artery  lesion  progression  than  did  subjects 
with  lower  vitamin  E  intakes  from  supplements  (Hodis  et  al., 
1995).  Within  the  colestipol-niacin  treated  group,  there  was  less 
coronary  artery  lesion  progression  among  those  taking  vitamin  E 
supplements  (100  IU/day  or  more),  but  subjects  in  the  placebo 
group  showed  no  benefit  of  supplementary  vitamin  E  (Hodis  et 
al.,  1995).  A  similar  analysis  was  done  on  the  progression  of  carot¬ 
id  artery  atherosclerosis  using  ultrasound.  Here  there  was  no  ef¬ 
fect  of  vitamin  E  supplements  in  the  drug-treated  group,  but  there 
was  an  effect  in  the  placebo  group  (i.e.,  opposite  findings  with  re¬ 
spect  to  drug  treatment  and  vitamin  E  interactions  in  the  carotid 
artery  from  those  in  the  coronary  artery;  Azen  et  al.,  1996b). 

Intervention  Trials.  Four  large-scale,  double-blind,  randomized 
intervention  trials  using  vitamin  E  have  been  reported.  The  first, 
the  Alpha-Tocopherol  Beta-Carotene  (ATBC)  Cancer  Prevention 
Study  (ATBC  Cancer  Prevention  Study  Group,  1994),  was  de¬ 
signed  to  determine  whether  a-tocopherol  (50  mg/day  of  all  rac-a- 
tocopherol  acetate)  and  P-carotene  (20  mg/day),  alone  or  in  com¬ 
bination,  would  reduce  the  incidence  of  lung  cancer  in  a  high-risk 
group  of  male  smokers  in  Finland.  Although  vitamin  E  had  no 
effect  on  the  primary  endpoint  (lung  cancer),  the  men  taking  a- 
tocopherol  had  a  lower  incidence  of  prostate  cancer  (see  later  sec- 
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TABLE  6-3  Vitamin  E  Intake  and  Risk  of  Coronary  Heart 
Disease  in  Men  and  Women 


Reference 

Variable 

Rimm  et  al.,  1993 

Intake  from  food  (IUfl/d) 

Relative  risk  of  CHDft 

95%  cr 

Intake  from  supplements  (IU/d) 

Relative  risk  of  CHD 

95%  Cl 

Stampfer  et  al.,  1993 

Intake  from  food  (IU/d) 

Relative  risk  of  CHD 

95%  Cl 

Intake  from  food  and  supplements  (IU/d) 

Relative  risk  of  CHD 

95%  Cl  < 

Knekt  et  al.,  1994 

Intake  from  food  (mg/d) 

Relative  risk  of  CHD 

95%  Cl 

Kushi  et  al.,  1996 

Intake  from  food  (IU/d) 

Relative  risk  of  CHD 

95%  Cl 

a  IU  =  international  unit. 
b  CHD  =  coronary  heart  disease. 

tion  “Cancer”).  The  men  who  received  a-tocopherol  also  had  50 
percent  higher  mortality  from  hemorrhagic  stroke  (but  5  percent 
lower  mortality  from  ischemic  heart  disease  and  16  percent  lower 
mortality  from  ischemic  stroke)  than  the  men  who  did  not  receive 
this  supplement.  In  a  subsequent  analysis  of  individuals  with  previ¬ 
ous  myocardial  infarction,  vitamin  E  supplementation  appeared  to 
decrease  the  risk  of  nonfatal  myocardial  infarction  by  a  nonstatisti- 
cally  significant  38  percent  (Rapola  et  al.,  1997). 

In  a  trial  in  Great  Britain,  the  Cambridge  Heart  Antioxidant 
Study  (CHAOS),  patients  with  angiographically  proven  coronary 
artery  disease  were  randomized  to  receive  either  400  or  800  inter¬ 
national  units  (IU)  (268  or  567  mg)/day  of  RRR- a-tocopherol  or 
placebo  (Stephens  et  al.,  1996).  The  study  was  terminated  early 
because  there  were  statistically  significant  decreases  in  the  occur¬ 
rence  of  nonfatal  myocardial  infarctions  (77  percent)  and  in  total 
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Quintile/Tertile 

p  Value  for  Trend 

1 

2 

3 

4 

5 

1. 6-6.9 

7.0-8. 1 

8. 2-9. 3 

9.4-11.0 

11.1 

1.0 

1.10 

1.17 

0.97 

0.79 

- 

0.80-1.51 

0.84-1.62 

0.69-1.37 

0.54-1.15 

NSrf 

0 

<25 

25-99 

100-249 

>250 

1.0 

0.85 

0.78 

0.54 

0.70 

- 

0.69-1.05 

0.59-1.08 

0.33-0.88 

0.55-0.89 

NS 

0.3-3. 1 

3. 2-3.9 

4. 0-4.8 

4.9-6.2 

6.3-100 

1 

1.04 

0.77 

1.14 

0.95 

- 

0.8-1.35 

0.66-1.14 

0.89-1.47 

0.72-1.23 

NS 

1. 2-3.5 

3. 6-4.9 

5. 0-8.0 

8.1-21.5 

21.6-1,000 

1 

1 

1.15 

0.74 

0.66 

( 

0.78-1.28 

0.9-1.48 

0.57-0.98 

0.5-0.87 

<0.001 

<5.3 

5.4-7. 1 

>7.1 

1 

0.73 

0.35 

- 

0.38-1.39 

0.14-0.88 

<0.01 

<4.91 

4.92-6.24 

6.25-7.62 

7.63-9.63 

>9.64 

1 

0.70 

0.76 

0.32 

0.38 

— 

0.41-1.18 

0.44-1.29 

0.17-0.63 

0.18-0.80 

<0.004 

c  Cl  =  confidence  interval. 
d  NS  =  not  significant. 


(fatal  plus  nonfatal)  myocardial  infarctions  (47  percent).  Howev¬ 
er,  there  was  a  nonstatistically  significant  increase  in  fatal  myocar¬ 
dial  infarctions  and  no  decrease  in  overall  mortality.  There  were 
no  differences  reported  between  the  two  doses  in  the  effects 
noted. 

The  third  trial  (GISSI-Prevenzione  Investigators,  1999)  was  de¬ 
signed  to  determine  whether  300  mg/day  of  all  rac-ec-tocopherol 
and  1  g/day  of  CO-3  polyunsaturated  fatty  acids  (PUFA) ,  alone  or  in 
combination,  would  reduce  the  risk  of  death,  nonfatal  myocardial 
infarction,  and  stroke  in  Italian  patients  surviving  a  recent  myocar¬ 
dial  infarction.  After  3.5  years  of  supplementation,  vitamin  E  had 
no  benefit.  Although  CO-3  PUFA  significantly  decreased  the  rate  of 
death,  myocardial  infarction,  and  stroke  in  these  patients,  the  ben¬ 
efit  was  the  same  when  the  CO-3  PUFA  was  fed  alone  or  in  combina¬ 
tion  with  vitamin  E. 
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A  study  conducted  in  19  countries,  the  Heart  Outcomes  Preven¬ 
tion  Evaluation  (HOPE)  Study,  evaluated  more  than  9,000  patients 
older  than  55  years  of  age  with  a  history  of  previous  ischemic  heart 
disease,  stroke,  or  peripheral  artery  disease  (HOPE  Study  Investi¬ 
gators,  2000).  Similar  to  the  GISSI-Prevenzione  Trial,  after  4.5 
years  of  supplementation  with  either  400  IU  (268  mg)/day  of 
.RRR-a-tocopherol  or  a  placebo,  vitamin  E  had  a  neutral  effect  on 
total  mortality,  cardiovascular  death,  myocardial  infarction,  or 
stroke.  This  study  is  continuing  to  determine  whether  any  benefit 
of  vitamin  E  in  preventing  cardiovascular  disease  outcomes  or  can¬ 
cer  will  emerge  after  a  longer  duration  of  follow-up. 

The  discordant  results  of  these  four  trials  may  be  related  to  the 
different  doses  of  vitamin  E  that  were  used,  as  it  has  been  demon¬ 
strated  that  the  effectiveness  of  vitamin  E  in  protecting  circulating 
LDL  against  ex  vivo  oxidation  depends  on  both  dose  and  experi¬ 
mental  design.  Some  protection  has  been  observed  at  doses  as  low 
as  25  IU/day  (Princen  et  al.,  1995),  but  a  maximum  degree  of  pro¬ 
tection  requires  dosages  greater  than  200  IU/day  (Jialal  et  al., 
1995).  At  the  ATBC  Study  dose  of  50  mg/ day,  there  is  some  protec¬ 
tion,  but  it  is  minimal.  However,  at  the  GISSI  Prevenzione  trial  dose 
of  300  mg/day  and  the  HOPE  Study  dose  of  400  IU  (268  mg) /day, 
protection  was  neutral.  Another  possible  difference  between  the 
four  trials  is  that  the  coronary  artery  lesions  in  the  Finnish  smokers, 
Italians,  and  HOPE  participants  may  have  been  much  further  ad¬ 
vanced  than  those  in  the  British  population  studied. 

A  smaller  trial  examined  the  effects  of  all  rac-a-tocopherol  supple¬ 
mentation  (1,200  IU/day)  for  4  months  on  re-stenosis  after  angio¬ 
plasty  (DeMaio  et  al.,  1992)  and  found  a  small  nonstatistically 
significant  reduction  in  the  treated  group. 

Summary .  The  hypothesis  that  reactive  oxygen  species  (ROS) 
and  reactive  nitrogen  species  (RNS)  play  a  role  in  atherosclerosis 
rests  on  a  solid  basic  science  foundation  and  is  strongly  supported 
by  studies  in  animal  models.  At  the  clinical  level,  a  variety  of  corre¬ 
lational  studies  and  studies  of  biochemical  markers  are  consistent 
with  the  hypothesis.  However,  only  four  published,  large-scale,  ran¬ 
domized,  double-blind  clinical  intervention  studies  have  tested  the 
ability  of  vitamin  E  to  prevent  myocardial  infarction.  One  of  these, 
a  secondary  prevention  trial  supplementing  with  400  or  800  IU 
(268  or  567  mg) /day  of  RRR- a-tocopherol,  was  strongly  positive 
(Stephens  et  al.,  1996).  The  other  three,  one  carried  out  in  a  group 
of  high-risk  cigarette  smokers  using  50  mg/ day  of  all  rar-oc-tocopherol 
(ATBC  Cancer  Prevention  Study  Group,  1994)  and  two  carried  out 
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in  high-risk  cardiovascular  patients  supplemented  with  300  mg/day 
of  all  rac-a-tocopherol  (GISSI-Prevenzione  Investigators,  1999)  and 
400  IU  (268  mg) /day  of  jRRft-a-tocopherol  (HOPE  Study  Investiga¬ 
tors,  2000) ,  were  neutral.  As  of  this  date  there  are  insufficient  data 
on  which  to  base  a  recommendation  of  supplemental  vitamin  E  as  a 
heart  disease  preventative  for  the  general  population. 

Diabetes  Mellitus 

Since  cardiovascular  complications  account  for  the  major  causes 
of  death  in  diabetes  mellitus,  it  has  been  suggested  that  similar 
oxidative  processes  associated  with  cardiovascular  disease  may  play 
a  role  in  this  chronic  disease. 

Oxidative  Stress.  It  has  been  proposed  that  the  development  of 
the  complications  of  diabetes  mellitus  may  be  linked  to  oxidative 
stress  and  therefore  might  be  amenable  to  treatment  with  anti¬ 
oxidants  (Baynes,  1991;  Mullarkey  et  al.,  1990;  Semenkovich  and 
Heinecke,  1997) .  Supplementation  of  either  diabetic  or  nondiabetic 
subjects  with  a-tocopherol  decreases  the  susceptibility  of  their  LDL 
to  ex  vivo  oxidation  (Fuller  et  al.,  1996;  Reaven  et  al.,  1995),  but 
this  treatment  does  not  change  blood  glucose  levels.  Ceriello  et  al. 
(1991),  using  600  and  1,200  mg/day  of  a-tocopherol,  also  observed 
decreases  in  labile  hemoglobin  Al  (HbAl)  and  plasma  glycosylated 
proteins.  While  Jain  et  al.  (1996a)  found  a  decrease  in  glycosylated 
hemoglobin  with  a-tocopherol  supplementation  at  a  relatively  low 
dose  (100  IU/day),  Reaven  et  al.  (1995)  using  a  much  larger  dose 
(1,600  IU/day  of  a-tocopherol)  found  no  effects  on  glycosylated 
hemoglobin  or  other  glycosylated  plasma  proteins.  Paolisso  et  al. 
(1993),  using  900  mg/day  of  a-tocopherol,  reported  minimal,  but 
statistically  significant,  improvements  in  control  of  blood  glucose. 
The  reason  for  the  above  discordance  in  results  is  not  apparent. 

Vitamin  E  treatment  has  been  reported  to  decrease  TBARS  reac¬ 
tivity  in  plasma  of  patients  with  diabetes,  but  this  reaction  is  not 
highly  specific  to  vitamin  E  (Jain  et  al.,  1996b).  Davi  et  al.  (1999) 
did  a  comprehensive  study  using  the  urinary  excretion  of  F2-iso- 
prostanes  (8-iso-prostaglandin  F2)  as  an  indicator  of  oxidative 
stress.  They  found  a  highly  significant  increase  in  F2-isoprostane 
excretion  in  diabetic  subjects,  and  the  level  of  excretion  correlated 
inversely  with  the  degree  of  control  of  blood  glucose.  When  the 
subjects  were  supplemented  with  a-tocopherol  acetate  (600  mg/ 
day  for  14  days),  they  reported  a  statistically  significant  reduction 
(37  percent)  in  F2-isoprostane  excretion  and  also  in  the  urinary 
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excretion  of  11-dehydrothromboxane  B2,  the  latter  being  an  indica¬ 
tor  of  platelet  activation. 

Platelet  Hyperactivity.  Several  studies  have  confirmed  an  increased 
tendency  for  aggregation  of  platelets  from  diabetic  subjects,  linking 
the  tendency  to  increased  thromboxane  production  and  showing 
that  prior  treatment  with  a-tocopherol  can  ameliorate  the  increased 
tendency  for  platelet  aggregation  (Colette  et  al.,  1988;  Gisinger  et 
al.,  1988;  Jain  et  al.,  1998;  Kunisaki  et  al.,  1990).  However,  no  clini¬ 
cal  intervention  trials  have  tested  directly  whether  antioxidants  can 
decrease  the  incidence  of  thrombosis  in  vivo. 

Diabetic  Neuropathy.  Tutuncu  et  al.  (1998)  studied  21  subjects 
with  type  II  diabetes  and  neuropathy,  who  were  randomly  as¬ 
signed  to  receive  either  900  mg/day  of  a-tocopherol  or  a  placebo 
for  6  months.  Although  fasting  and  postprandial  glucose  were  un¬ 
changed,  nerve  conduction  velocity  in  the  median  motor  nerve  fi¬ 
bers  and  tibial  motor  nerve  distal  latency  improved  significantly 
with  vitamin  E  treatment.  The  authors  concluded  that  further 
studies  with  a  larger  number  of  patients  for  longer  periods  of 
time  are  needed. 

Summary.  The  available  data  strongly  suggest  that  individuals 
with  diabetes  are  subject  to  increased  oxidative  stress.  However,  no 
clinical  intervention  trials  have  tested  directly  whether  vitamin  E 
can  ameliorate  the  complications  of  diabetes  mellitus.  A  gap  re¬ 
mains  between  the  effects  of  vitamin  E  treatment  on  biochemical 
markers  of  oxidative  stress,  clinical  efficacy,  and  validation  of  a  rela¬ 
tionship  between  biomarkers  and  clinical  outcomes.  Studies  in  hu¬ 
mans  show  that  lipid  and  lipoprotein  oxidation  proceed  more  rap¬ 
idly  in  patients  with  diabetes  than  in  nondiabetic  people  and  that 
treatment  with  vitamin  E  can  partially  reverse  this  process  (Reaven, 
1995;  Yoshida  et  al.,  1997).  In  theory  then,  intervention  with  vita¬ 
min  E  therapy  to  inhibit  atherogenesis  might  be  more  effective  in 
individual  diabetics  than  in  nondiabetics.  However,  as  of  this  date 
there  are  insufficient  data  on  which  to  base  a  recommendation  of 
supplemental  vitamin  E  in  diabetics. 

Cancer 

Cancer  is  believed  to  develop  as  the  result  of  an  accumulation  of 
mutations  that  are  unrepaired.  DNA  is  constantly  undergoing  dam¬ 
age  due  to  interaction  with  free  radicals,  and  therefore  one  mecha- 
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nism  by  which  vitamin  E  might  inhibit  cancer  formation  is  by 
quenching  these  free  radicals.  An  additional  vitamin  E  chemopre- 
vention  mechanism  that  has  been  proposed  is  an  effect  on  the  im¬ 
mune  system.  Many  compounds,  including  vitamin  E,  have  been 
proposed  as  anticarcinogens  (Ames  et  al.,  1995). 

Observational  Epidemiological  Studies.  Epidemiological  evidence  for 
an  association  between  vitamin  E  and  cancer  risk  is  limited.  An 
analysis  of  vitamin  E  intake  and  lung  cancer  in  the  NHANES  I  Epi¬ 
demiological  Follow-up  Study  (Yong  et  al.,  1997)  showed  a  signifi¬ 
cant  inverse  association  among  current  smokers  in  the  lowest  tertile 
of  pack-years  of  smoking.  A  follow-up  prospective  cohort  study 
found  a  weak  inverse  association  between  prediagnostic  serum  vita¬ 
min  E  levels  and  the  incidence  of  lung  cancer  (Comstock  et  al., 
1997). 

A  prospective  cohort  study  in  the  Netherlands  found  no  associa¬ 
tion  between  vitamin  E  intake  and  the  incidence  of  breast  cancer 
(Verhoeven  et  al.,  1997).  Similarly,  a  recent  analysis  from  the  Breast 
Cancer  Serum  Bank  cohort  study  found  no  association  of  serum 
vitamin  E  with  breast  cancer  risk  (Dorgan  et  al.,  1998).  A  multi- 
centered  European  case-control  study  of  postmenopausal  breast 
cancer  found  no  relation  between  subcutaneous  adipose  tissue  a- 
tocopherol  levels  and  breast  cancer  risk  (van  ‘t  Veer  et  al.,  1996). 

No  association  between  dietary  vitamin  E  and  prostate  cancer  was 
found  in  a  large  case-control  study  in  Sweden  (Andersson  et  al., 
1996).  An  inverse  association  between  serum  vitamin  E  levels  in 
smokers  and  prostate  cancer  was  found  in  a  prospective  cohort  study 
in  Switzerland  (Eichholzer  et  al.,  1996);  however,  earlier  cohort 
studies  reported  no  association  of  vitamin  E  with  this  cancer 
(Comstock  et  al.,  1992;  Knekt  et  al.,  1988). 

Intervention  Trials.  In  an  intervention  trial  in  Finland  among  men 
who  were  heavy  smokers,  a-tocopherol  supplements  (50  mg/day) 
had  no  effect  on  risk  for  lung  cancer,  the  primary  endpoint  of  the 
study.  However,  a  significant  34  percent  lower  incidence  of  prostate 
cancer  was  seen  in  the  men  who  received  this  supplement  (ATBC 
Cancer  Prevention  Study  Group,  1994;  Heinonen  et  al.,  1998).  Two 
small,  short-term  intervention  trials  found  no  effect  of  a-tocopherol 
supplementation  on  mammary  dysplasia  (London  et  al.,  1985)  or 
benign  breast  disease  (Ernster  et  al.,  1985).  Several  trials  with  vita¬ 
min  E  to  prevent  the  recurrence  of  colorectal  adenomatous  polyps 
have  been  reported,  but  none  found  a  beneficial  effect  (Chen  et  al., 


220 


DIETARY  REFERENCE  INTAKES 


1988;  DeCosse  et  al.,  1989;  Greenberg  et  al.,  1994;  Hofstad  et  al., 
1998;  McKeown-Eyssen  et  al.,  1988). 

Summary.  Overall,  the  epidemiological  evidence  for  an  effect  of 
vitamin  E  on  cancer  risk  is  weaker  than  that  for  vitamin  E  and  car¬ 
diovascular  disease.  Observational  epidemiological  studies  provide 
only  limited  evidence  for  a  protective  association  and  only  for  some 
cancer  sites.  At  present,  the  data  from  intervention  trials  are  most 
suggestive  for  the  ability  of  vitamin  E  to  prevent  prostate  cancer, 
but  only  a  single  trial  has  yet  been  reported,  and  prostate  cancer 
was  not  the  primary  endpoint  of  that  study. 

Immune  Function 

It  has  been  established  that  several  aspects  of  immune  function 
decline  with  increasing  age  (Bendich,  1994).  Moreover,  supplemen¬ 
tation  with  vitamin  E  is  able  to  reverse  these  deficits  in  some  indi¬ 
viduals.  Meydani  et  al.  (1997)  studied  a  total  of  88  free-living,  appar¬ 
ently  healthy  subjects  at  least  65  years  of  age,  who  were  randomly 
assigned  to  a  placebo  group  or  to  groups  consuming  60,  200,  or  800 
mg/ day  of  vitamin  E  for  235  days.  Subjects  in  the  upper  tertile  of 
serum  a-tocopherol  concentrations  (greater  than  48.4  pmol/L  [2.08 
mg/dL]  or  approximately  twice  normal  values)  after  supplementa¬ 
tion  with  200  or  800  mg/day  of  vitamin  E  had  higher  antibody 
responses  to  hepatitis  B  vaccine  and  delayed-type  hypersensitivity 
(DTH)  skin  response.  The  200-mg/day  group  also  had  a  significant 
increase  in  antibody  titer  to  tetanus  vaccine.  Recently,  Pallast  et  al. 
(1999)  reported  that  supplementation  with  100  mg/day  of  vitamin 
E  for  6  months  may  improve  cellular  immune  function  in  apparent¬ 
ly  healthy  elderly,  but  that  the  effect  may  be  more  pronounced  in 
certain  subgroups  such  as  those  who  were  physically  less  active  or 
those  with  low  baseline  DTH  reactivity. 

Five  subjects  with  tropical  sprue  for  8  to  10  years  were  found  to 
have  an  abnormal  delayed  hypersensitivity  response  as  well  (Gha- 
laut  et  al.,  1995).  Moreover,  their  plasma  vitamin  E  concentrations 
were  approximately  one-tenth  of  normal,  and  the  subjects  had  a 
sensory  neuropathy  characteristic  of  vitamin  E  deficiency.  Parenter¬ 
al  vitamin  E  therapy  increased  serum  vitamin  E  concentrations  to 
normal  and  improved  neurological  responses  and  response  to  the 
immune  function  skin  test,  suggesting  that  vitamin  E  maybe  impor¬ 
tant  in  immune  function. 

Whether  or  not  increases  in  vitamin  E  intake  have  any  effect  on 
immune  function  in  younger  populations  remains  uncertain.  How- 
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ever,  the  evidence  is  strong  enough  to  warrant  continued  investi¬ 
gation. 

Cataracts 

There  is  a  sound  biochemical  basis  for  the  notion  that  the  accu¬ 
mulation  of  damaged  proteins  in  the  lens  leads  to  cataract  forma¬ 
tion  and  that  free-radical  damage  contributes  to  this  protein  dam¬ 
age  (Taylor,  1993).  Studies  in  experimental  animals  show  that 
antioxidant  vitamins,  including  vitamin  E,  can  protect  against  lens 
damage  (Jacques  et  al.,  1994). 

At  the  epidemiological  level,  there  have  been  nine  studies  relat¬ 
ing  vitamin  E  status  to  risk  of  at  least  one  type  of  cataract.  Five 
reported  a  protective  association  (Jacques  and  Chylack,  1991;  Knekt 
et  al.,  1992;  Leske  et  al.,  1991;  Robertson  et  al.,  1989;  Vitale  et  al., 
1993),  while  four  reported  no  association  (Hankinson  et  al.,  1992; 
Mares-Perlman  et  al,  1994a, b;  Mohan  et  al.,  1989). 

Only  one  intervention  study  has  been  carried  out  to  test  the  ef¬ 
fects  of  a-tocopherol  alone  on  the  prevalence  of  cataracts  (Teikari 
et  al.,  1998).  A  subgroup  of  men  participating  in  the  Finnish  ATBC 
study  were  examined  at  the  end  of  that  study  for  cataracts.  There 
were  no  differences  in  the  prevalence  of  nuclear,  cortical,  or  poste¬ 
rior  subcapsular  cataracts  between  control  subjects  and  those  tak¬ 
ing  50  mg/day  of  a-tocopherol. 

Central  Nervous  System  Disorders 

The  most  characteristic  manifestation  of  vitamin  E  deficiency  in 
humans  is  neuropathy  affecting  both  the  central  and  the  peripheral 
nervous  systems,  particularly  sensory  axons  (Sokol,  1988).  The  neu¬ 
ropathology  associated  with  frank  vitamin  E  deficiency  has  been 
discussed  above.  The  discussion  that  follows  focuses  on  neurologi¬ 
cal  diseases  in  which  free-radical  damage  has  been  proposed  to  play 
a  role  and  in  which  vitamin  E  might  therefore  play  a  protective  role. 

Parkinson's  Disease.  Parkinson’s  disease  is  characterized  by  dopa¬ 
minergic  cell  death  in  the  substantia  nigra.  Reported  local  changes 
in  the  substantia  nigra  compatible  with  a  role  for  oxidative  stress  in 
Parkinson’s  disease  include  signs  of  increases  in  lipid  peroxidation, 
increases  in  iron  concentration,  and  decreases  in  some  of  the  anti¬ 
oxidant  defense  mechanisms  (Muller,  1994).  However,  a  placebo- 
controlled,  double-blind  study  of  800  patients  given  2,000  IU/day 
of  all  rac-a-tocopherol  failed  to  show  any  beneficial  effect  (Parkin- 
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son  Study  Group,  1993).  Follow-up  publications  reported  again  that 
a-tocopherol  had  no  benefit  (Shoulson,  1998)  and  had  no  effect  on 
mortality  (Parkinson  Study  Group,  1998).  This  did  not  appear  to  be 
a  result  of  poor  compliance  because  increases  in  vitamin  E  in  cere¬ 
brospinal  fluid  in  response  to  the  supplement  were  reported 
(Vatassery  et  al.,  1998). 

Alzheimer’s  Disease  and  Dozen's  Syndrome.  Alzheimer’s  disease  is  a 
neurodegenerative  disorder  that  appears  to  have  an  oxidative  stress 
component;  it  is  not  clear  if  this  is  a  cause  or  a  consequence  of  the 
disease.  The  disease  may  be  potentiated  by  an  accumulation  of  re¬ 
dox-active  metals  (Cornett  et  al.,  1998),  especially  iron  (Smith  et 
al.,  1997).  Additionally,  amyloid  (1-peptide  is  a  key  factor  in  the 
neurotoxicity  of  Alzheimer’s  disease  because  it  can  initiate  protein 
oxidation  and  lipid  peroxidation  (Keller  et  al.,  1997),  eventually 
leading  to  neuronal  cell  death.  The  free-radical  dependence  of  (3- 
amyloid-associated  toxicity  was  confirmed  by  the  ability  of  vitamin  E 
to  prevent  the  toxic  effects  of  amyloid  (1-peptide  in  vitro  (Subrama- 
niam  et  al.,  1998).  These  data  are  compatible  with  an  etiology  that 
includes  oxidative  damage,  but  other  hypotheses  are  possible. 

In  a  2-year,  double-blind,  placebo-controlled,  randomized,  multi¬ 
center  trial  in  341  patients  with  moderately  severe  impairment  from 
Alzheimer’s  disease,  treatment  with  all  rac-a -tocopherol  (2,000  IU/ 
day)  significantly  slowed  the  progression  of  disease  (Sano  et  al., 
1997). 

A  case  can  be  made  for  a  link  between  oxidative  stress  and  neuro¬ 
pathology  in  Alzheimer’s  disease  and  Down’s  syndrome  (Muller, 
1994).  In  individuals  dying  from  either  disease,  abnormalities  in 
brain  histology  are  remarkably  similar.  Down’s  syndrome  is  due  to 
trisomy  of  chromosome  21,  which  carries  the  gene  for  superoxide 
dismutase  (SOD).  Interestingly,  overexpression  of  human  SOD  in 
transgenic  mice  is  associated  with  increased  lipid  peroxidation  in 
the  brain  (Ceballos-Picot  et  al.,  1991),  perhaps  secondary  to  SOD- 
induced  conversion  of  the  superoxide  anion  to  hydrogen  peroxide 
and  water.  Although  these  results  are  promising,  it  is  still  too  early 
to  draw  any  conclusions  about  the  usefulness  of  vitamin  E  in 
Alzheimer’s  disease  and  Down’s  syndrome. 

Tardwe  Dyskinesia  (TD).  TD  is  a  neurologic  disorder  that  devel¬ 
ops  in  about  20  percent  of  patients  treated  long  term  with  neuro¬ 
leptic  drugs.  These  drugs  increase  the  turnover  of  brain  catechola¬ 
mines,  particularly  the  neurotransmitter  dopamine,  and  these  are 
compounds  that  can  give  rise  to  ROS.  TD  is  characterized  by  a 
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variety  of  involuntary  movements,  especially  of  the  face.  It  has  been 
reported  that  the  cerebrospinal  fluid  of  patients  with  TD  contains 
higher-than-normal  concentrations  of  lipid  peroxidation  products 
(Lohr  et  al.,  1990),  and  more  recently,  plasma  also  was  found  to 
have  lipid  peroxidation  products  (Brown  et  al.,  1998).  However,  a 
causal  relationship  between  these  indicators  of  oxidative  stress  and 
the  incidence  or  severity  of  tardive  dyskinesia  has  not  been  estab¬ 
lished. 

Some  have  reported  short-term  supplementation  of  TD  patients 
with  vitamin  E  (Egan  et  al.,  1992;  Elkashef  et  al.,  1990;  Lohr  et  al., 
1987).  The  beneficial  effects  were  minor,  mostly  limited  to  patients 
with  recent  onset  of  the  disease,  and  the  number  of  subjects  was 
very  small.  Recently,  in  40  patients  who  were  supplemented  with 
1,600  IU/day  of  a-tocopherol  or  placebo  for  up  to  36  weeks,  there 
was  a  significant  difference  in  mean  Abnormal  Involuntary  Move¬ 
ments  Scale  scores,  in  those  receiving  vitamin  E  after  10  weeks  of 
treatment  (Adler  et  al.,  1998). 

Summary 

A  large  number  of  studies  have  been  carried  out  in  the  past  de¬ 
cade  that  directly  or  indirectly  concern  the  relationship  between 
vitamin  E  intake  and  chronic  disease.  Among  the  effects  of  vitamin 
E  intakes  from  supplements  are  inhibition  of  LDL  oxidation  both 
in  vitro  and  in  vivo;  inhibition  of  smooth  muscle  cell  proliferation 
through  inhibition  of  protein  kinase  C;  inhibition  of  platelet  adhe¬ 
sion,  aggregation,  and  platelet  release  reactions;  and  inhibition  of 
plasma  generation  of  thrombin.  In  addition,  supplemental  intakes 
of  vitamin  E  decrease  monocyte  adhesion  to  endothelium,  decrease 
monocyte  superoxide  production,  potentiate  the  synthesis  of  pros¬ 
tacyclin,  upregulate  the  expression  of  phospholipase  \  and  cyclo¬ 
oxygenase,  and  inhibit  the  expression  of  ICAM-1  and  VCAM-1  in¬ 
duced  by  exposure  to  oxLDL.  Many  of  these  effects  have  been 
shown  only  in  tissue  culture  and  have  not  been  studied  in  vivo.  All 
of  these  actions  could  have  an  influence  on  health  and  the  develop¬ 
ment  of  chronic  disease.  Some  of  these  effects  appear  to  be  inde¬ 
pendent  of  the  antioxidant  properties  of  vitamin  E.  Thus,  it  must 
be  recognized  that  consumption  of  large  quantities  of  vitamin  E  will 
lead  to  multiple  metabolic  and  cellular  changes  in  humans.  An  im¬ 
portant  question  is  whether  the  net  result  of  these  changes  will  be 
beneficial  when  large  amounts  of  vitamin  E  are  consumed  on  a 
long-term  basis. 

Clinical  trials  are  currently  under  way  to  determine  whether  high 
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intakes  of  vitamin  E  will  reduce  the  risk  for  certain  diseases.  Still, 
even  a  positive  outcome  of  these  trials  may  not  necessarily  lead  to  a 
change  in  recommended  individual  intakes  for  the  whole  popula¬ 
tion.  These  trials  generally  are  targeting  groups  at  high  risk  for 
particular  diseases.  If  the  results  of  these  studies  are  positive,  it  is 
likely  that  initial  recommendations  for  higher  intakes  will  be  limit¬ 
ed  in  their  application  to  high-risk  populations.  Because  of  the  myr¬ 
iad  of  actions  of  high  doses  of  vitamin  E,  recommendations  of  high¬ 
er  intakes  for  the  general  population  undoubtedly  will  require 
extensive  investigation  of  the  long-term  consequences  of  the  multi¬ 
ple  metabolic  and  cellular  modifications. 

FACTORS  AFFECTING  THE  VITAMIN  E  REQUIREMENT 

Bioavailability 

Most  dietary  vitamin  E  is  found  in  food  that  contains  fat.  It  is  clear 
that  vitamin  E  absorption  requires  micelle  formation  and  chylomi¬ 
cron  secretion  by  the  intestine  (Muller  et  al,  1974),  although  the 
optimal  amount  of  fat  to  enhance  vitamin  E  absorption  has  not 
been  reported.  This  is  probably  a  more  important  issue  for  vitamin 
E  supplement  users  than  for  nonsupplement  users  where  all  of  the 
vitamin  E  is  in  a  dietary  fat-rich  environment. 

Nutrient-Nutrient  Interactions 
Antioxidant  Interactions 

When  vitamin  E  intercepts  a  radical,  a  tocopheroxyl  radical  is 
formed  (Burton  and  Ingold,  1981).  This  radical  can  be  reduced  by 
ascorbic  acid  or  other  reducing  agents  (Doba  et  al.,  1985;  Niki  et 
al.,  1982) ,  thereby  oxidizing  the  latter  and  returning  vitamin  E  to  its 
reduced  state. 

The  ability  of  one  antioxidant  to  regenerate  another  oxidized 
species  is  dependent  on  the  redox  potential  of  the  antioxidant 
(Buettner,  1993).  Biologically  relevant  electron  donors  that  have 
been  shown  to  regenerate  a-tocopherol  effectively  from  the  a- 
tocopheroxyl  radical  include  vitamin  C  (McCay,  1985),  glutathione 
(Niki,  1987),  and  ubiquinols  (Stoyanovsky  et  al.,  1995).  (For  further 
information  see  “Nutrient-Nutrient  Interactions”  in  Chapter  5.)  Cel¬ 
lular  redox  cycling  is  coupled  with  the  energy  status  of  the  organ¬ 
ism.  Thus,  it  can  be  expected  that  during  prolonged  energy  deficit 
or  inadequate  production  of  nicotinamide  adenine  dinucleotide 
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(NADH) ,  nicotinamide  adenine  dinucleotide  phosphate  (NAD PH) 
or  glutathione  [GSSG]  reductase  due  to  dietary  deficiencies  of  nia¬ 
cin  (component  of  NADP  or  NADPH)  or  riboflavin  (cofactor  for 
GSSG  reductase) ,  the  ability  of  the  organism  to  produce  sufficient 
reducing  equivalents  for  recycling  oxidized  products  will  be  com¬ 
promised.  Conversely,  intakes  of  plant  phenolic  compounds  and 
flavonoids  may  add  to  the  total  antioxidant  pool  (de  Vries  et  al., 
1998;  Manach  et  al.,  1998).  The  extent,  involvement,  and  contribu¬ 
tion  of  these  newer  compounds  which  may  be  acting  as  antioxi¬ 
dants  to  the  redox  cycling  reactions  in  vitro  and  in  vivo  remain  to 
be  determined. 

The  regeneration  of  a-tocopherol  from  the  a-tocopheroxyl  radi¬ 
cal  may  be  faster  than  the  further  oxidation  of  the  a-tocopheroxyl 
radical.  The  extent  to  which  vitamin  E  is  recycled  in  humans  and 
which  antioxidant  species  are  preferentially  used  for  recycling  are 
not  known.  In  human  platelet  homogenates,  distinct  chemical  and 
enzymatic  pathways  for  the  regeneration  of  oxidized  tocopherol, 
afforded  by  vitamin  C  and  glutathione,  have  been  identified  (Chan 
et  al.,  1991).  A  metabolic  study  in  humans  designed  to  demonstrate 
the  occurrence  of  vitamin  E  recycling  by  vitamin  C  had  limitations 
since  the  body  pools  of  vitamin  C  and  E  cannot  be  totally  depleted 
(Jacob  et  al.,  1996).  Although  the  data  were  inconclusive,  the  au¬ 
thors  did  comment  that  there  is  “a  trend  towards  sparing  of  tissue 
tocopherol  by  vitamin  C”  and  that  more  study  was  warranted.  This 
is  an  important  area  of  investigation  because  the  tocopheroxyl  radi¬ 
cal  has  been  shown  in  vitro  to  increase  lipid  peroxidation  in  the 
absence  of  water-soluble  antioxidants,  and  it  has  been  proposed 
that  this  mechanism  may  be  an  important  factor  in  potentiating  in 
vivo  atherogenesis  (Stocker,  1999;  Upston  et  al.,  1999).  However, 
there  are  still  no  data  to  determine  whether  this  mechanism  is  oper¬ 
ative  in  vivo. 

Dietary  Polyunsaturated  Fat 

Vitamin  E  requirements  have  been  reported  to  increase  when  in¬ 
takes  of  polyunsaturated  fatty  acids  (PUFAs)  are  increased  (Dam, 
1962;  Horwitt,  1962).  Based  on  these  data  it  was  suggested  that  a 
ratio  of  at  least  0.4  mg  (1  pmol)  a-tocopherol  per  gram  of  PUFA 
should  be  consumed  by  adults  (Bieri  and  Evarts,  1973;  Horwitt, 
1974;  Witting  and  Lee,  1975).  However,  the  method  of  determining 
the  vitamin  E  requirement  generated  by  PUFA  intakes  is  not  univer¬ 
sally  accepted  because  the  amount  of  vitamin  E  required  to  stabilize 
PUFAs  in  tissues  is  influenced  to  a  greater  extent  by  their  degree  of 
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unsaturation  than  by  their  mass  (Draper,  1993).  Moreover,  PUFAs 
are  not  deposited  in  the  tissues  in  the  same  proportions  that  they 
occur  in  the  diet.  Finally,  dietary  PUFAs  are  modified  by  elongation 
and  desaturation  and  are  catabolized  to  various  degrees  depending 
on  energy  status  (Jones  and  Kubow,  1999). 

There  are  also  data  to  suggest  that  low-density  lipoprotein  (LDL) 
oxidation  susceptibility  in  vitro  is  dependent  upon  its  PUFA  con¬ 
tent.  A  10  percent  PUFA  diet  with  34  percent  of  calories  from  fat 
increased  LDL  oxidation  susceptibility  compared  to  a  19  percent 
monosaturated  fatty  acid  (MUFA)  diet  with  40  percent  of  the  calo¬ 
ries  from  fat,  without  changing  the  a-tocopherol  content  of  the 
LDL  (Schwab  et  al.,  1998a).  In  a  double-blind  crossover  trial  in  48 
postmenopausal  women,  supplementation  with  fish  oil  increased 
LDL  oxidation  susceptibility,  while  supplementation  with  both  fish 
oil  and  a-tocopheryl  acetate  significantly  decreased  it  (Wander  et 
al.,  1996). 

The  effect  of  the  fatty  acid  composition  of  reduced-fat  diets  on 
the  in  vitro  oxidation  of  LDL  was  also  examined  in  14  moderately 
hypercholesterolemic  (LDL  greater  than  3.36  mmol/L)  female  and 
male  subjects  (aged  44  to  78  years).  Each  subject  consumed  each  of 
five  reduced-fat  diets  (30  percent  of  energy  from  total  fat,  17  per¬ 
cent  from  protein,  and  53  percent  from  carbohydrate)  which  in¬ 
cluded  20  percent  of  energy  from  beef  tallow,  canola  oil,  corn  oil, 
olive  oil,  or  rice  bran  oil  for  a  period  of  32  days.  When  the  data 
from  all  dietary  phases  were  pooled,  LDL  cx-tocopherol  levels  and 
plasma  18:1/18:2  ratios  were  positively  related  to  LDL  oxidation 
resistance  (Schwab  et  al.,  1998b). 

Although  it  is  clear  that  the  relationship  between  dietary  PUFA 
and  vitamin  E  needs  is  not  simple,  high  PUFA  intakes  should  cer¬ 
tainly  be  accompanied  by  increased  vitamin  E  intakes. 

FINDINGS  BY  LIFE  STAGE  AND  GENDER  GROUP 
Infants  Ages  0  through  12  Months 

Method  Used  to  Set  the  Adequate  Intake 

No  functional  criteria  of  vitamin  E  status  have  been  demonstrated 
which  reflect  response  to  dietary  intake  in  infants.  Thus  recom¬ 
mended  intakes  of  vitamin  E  are  based  on  an  Adequate  Intake  (Al) 
that  reflects  a  calculated  mean  vitamin  E  intake  of  infants  fed  prin¬ 
cipally  with  human  milk. 
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Human  Milk.  Human  milk  is  recognized  as  the  optimal  milk 
source  for  infants  throughout  at  least  the  first  year  of  life  and  is 
recommended  as  the  sole  nutritional  milk  source  for  infants  during 
the  first  4  to  6  months  of  life  (IOM,  1991).  Therefore,  determina¬ 
tion  of  the  AI  for  vitamin  E  for  infants  is  based  on  data  from  infants 
fed  human  milk  as  the  principal  fluid  during  the  periods  0  through 
6  and  7  through  12  months  of  age.  The  AI  is  set  for  ages  0  through 
6  months  at  the  mean  value  calculated  from  studies  in  which  the 
intake  of  human  milk  was  measured  by  test  weighing  volume,  and 
the  average  concentration  of  the  nutrient  in  human  milk  was  deter¬ 
mined  using  average  values  from  several  reported  studies. 

In  general,  the  total  vitamin  E  content  of  colostrum  is  high  (aver¬ 
age  content  ranges  from  6.8-23  mg/L)  (Ali  et  al.,  1986;  Boersma  et 
ah,  1991;  Chappell  et  ah,  1985;  Jansson  et  ah,  1981;  Kobayashi  et  ah, 
1975;  Thomas  et  ah,  1981);  the  concentration  decreases  in  transi¬ 
tional  milk,  sampled  at  6-10  days,  and  further  decreases  in  mature 
milk,  as  shown  in  Table  6-4.  The  range  of  vitamin  E  concentrations 
in  mature  human  milk  after  approximately  30  days  of  lactation  var¬ 
ies  from  1.8  mg/L  (Kobayashi  et  ah,  1975)  to  approximately  9  mg/ 
L  (Thomas  et  ah,  1981). 

Vitamin  E  concentrations  are  most  accurately  analyzed  by  high- 
performance  liquid  chromatography  (HPLC).  Therefore,  reports 
of  vitamin  E  concentrations  in  human  milk  utilizing  non-HPLC 
methods  (Ali  et  ah,  1986;  Kobayashi  et  ah,  1975;  and  Thomas  et  ah, 
1981)  are  not  used  in  this  assessment.  HPLC  measurements  of  the 
average  a-tocopherol  content  of  mature  human  milk  have  yielded 
values  of  2.3  (Lammi-Keefe  et  ah,  1990),  3.5  (Chappell  et  ah,  1985), 
3.7  ±  0.6  (SD)  (Lammi-Keefe  et  ah,  1985),  7.2  ±  3.9  (SD)  (Jansson 
et  ah,  1981),  and  8  ±  5  mg/L  (SD)  (Boersma  et  ah,  1991).  The 
latter  authors  reported  that  the  a-tocopherol  amounts  in  human 
milk  were  nearly  identical  to  the  a-tocopherol  equivalent  amounts. 

Data  suggest  that  there  is  no  difference  in  milk  vitamin  E  content 
between  mothers  with  preterm  and  term  births  (Lammi-Keefe  et 
ah,  1985;  Thomas  et  ah,  1981).  In  addition,  there  is  no  significant 
diurnal  variation  in  the  vitamin  E  content  of  human  milk  (Chappell 
et  ah,  1985). 

Ages  0  through  6  Months.  This  recommendation  is  based  on  the 
mean  volume  of  human  milk  intake  of  0.78  L/day  (Allen  et  ah, 
1991;  Butte  et  ah,  1984;  Heinig  et  al.,  1993),  consumed  by  infants 
ages  0  through  6  months.  The  average  concentration  of  a-tocopherol 
in  human  milk  is  approximately  4.9  mg/L  as  assessed  by  HPLC  in 
the  five  studies  cited  above.  If  this  amount  is  multiplied  by  the  aver- 
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TABLE  6-4  Vitamin  E  Content  in  Human  Milk 


Reference 

Vitamin  E  Content  in 

Milk  (mg/L  ±  SD°) 

Stage  of  Lactation 

Kobayashi 

7.8  (total  tocopherol) 

Days  2-7 

et  ah,  1975 

2.0  (total  tocopherol) 

Days  10-15 

1.8  (total  tocopherol) 

Days  30-39 

Tansson  et  ah, 

23.0+  12.6  (a-tocopherol) 

Day  4 

1981 

10.4  ±  4.2  (a-tocopherol) 

Days  6-10 

7.2  ±  3.9  (a-tocopherol) 

Day  12-5th  mo 

Thomas  et  ah, 

20.4  ±  7.9 

Day  3 

1981 c 

13.4  ±  3.9 

Day  9 

10.2  ±  3.4 

Day  15 

8.8  ±2.2 

Day  21 

9.5  ±  3.6 

Day  27 

8.5  +  3.6 

Day  33 

Chappell  et  ah, 

15 

Days  1-6 

1985c 

7 

Day  7 

5 

2  wk 

3.5 

4  wk 

3 

5  wk 

Lammi-Keefe 

6.7  ±  0.5  (a-tocopherol) 

2  wk 

et  ah,  1985 

4.0  ±  0.6  (a-tocopherol) 

6  wk 

3.7  ±  0.5  (a-tocopherol) 

12  wk 

3.7  ±  0.6  (a-tocopherol) 

16  wk 

Ali  et  ah,  1986 

6.8 

Day  1 

6.5 

Day  12 

1.0-5. 8 

Days  1-12 

Lammi-Keefe 

2.3  (a-tocopherol) 

8  wk 

et  ah,  1990 

0.85  (y-tocopherol) 

Boersma  et  ah, 

22  ±  14  (a-TErf) 

Colostrum  (0-4  d) 

1991 

14  ±  8  (a-TE) 

Transitional  (5-9  d) 

8  ±  5  (a-TE) 

Mature  (10  and  30  c 

«  SD  =  standard  deviation. 

b  HPLC  =  high-performance  liquid  chromatography. 
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Maternal  Vitamin 

E  Intake  (mg/d) 

Methods 

Not  reported 

n  =  18  samples 

Different  individuals  were  sampled  at  each  stage  of  lactation 
Thin-layer  chromatography  methods 

Not  reported 

n  =  34  donors 

Different  individuals  were  sampled  at  each  stage  of  lactation 
Milk  was  collected  and  stored  at  donor’s  home 

HPLC^  methods 

17.5 

n  =  10  mothers  with  term  births 

Same  individuals  were  sampled  at  each  stage  of  lactation 

19.2 

Non-HPLC  methods 

Used  diet  records 

Found  no  difference  in  milk  vitamin  E  content  between 

16.7 

mothers  with  preterm  and  term  births 

Found  that  supplement  use  had  no  effect  on  milk  content 

15 

n  =  1 2  women  with  term  births 

Same  individuals  were  sampled  at  each  stage  of  lactation 
HPLG  methods 

Values  are  approximated  from  graph 

Not  reported 

No  description  of  the  study  population 

Same  individuals  were  sampled  at  each  stage  of  lactation 
HPLC  methods 

Not  reported 

n  -  1,034  Malaysian  women 

Non-HPLC  methods 

Found  that  the  ratio  of  milk  vitamin  E  to  total  lipids 
dropped  steadily  over  the  12-d  period 

Not  reported 

HPLC  methods 
n  =  6  breast-feeding  mothers 

5  samples  from  each  woman  were  taken  in  a  single  day  at 
different  times. 

Found  no  significant  variation  in  vitamin  E  content  during 
the  day.  There  was  considerable  yet  nonsignificant 
variation  in  the  total  lipid  content  attributed  to 
individuality  and  within-day  variation 

Not  reported 

n  =  13  well-nourished,  healthy,  breast-feeding  mothers  in 

St.  Lucia,  West  Indies  and  their  term  infants 

Same  individuals  were  sampled  at  each  stage  of  lactation 
HPLC  methods 

Also  measured  a-,  fL,  and  y-tocopherol;  a-tocopherol  levels 
were  nearly  identical  to  a-TE  levels 

c  Lack  of  correlation  between  maternal  intake  and  human  milk  concentration. 
d  TE  =  tocopherol  equivalent. 
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age  intake  of  human  milk  at  0  through  6  months,  the  AI  would  be 
4.9  mg/L  x  0.78  L/day  =  3.8  mg/day  of  a-tocopherol.  The  AI  is 
rounded  up  to  4  mg  (9.3  pmol)/day  of  a-tocopherol. 

This  value  is  in  the  lower  range  of  the  Third  National  Health  and 
Nutrition  Examination  Survey  (NHANES  III)  data  for  intakes  in 
this  age  group  as  shown  in  Appendix  Table  0-3.  The  mean  of  the 
reported  intakes  of  infants  0  through  6  months  of  age  was  12.3  mg 
(28.6  pmol)  /day  of  a-tocopherol  equivalents.  The  range  of  the  5th 
to  the  95th  percentile  was  8.8-16.1  mg  (20.5-37.4  pmol)/day.  The 
mean  reported  intake  is  probably  higher  than  that  calculated  for 
infants  receiving  solely  human  milk,  because  the  NHANES  III  data 
include  milk  from  infants  fed  formula  which  has  a  vitamin  E  con¬ 
tent  of  approximately  7  mg/L  of  a-tocopherol  (Thomas  et  ah, 
1981).  However,  this  AI  is  comparable  to  vitamin  E  intakes  from 
human  milk-fed  German  infants  whose  median  intakes  of  vitamin  E 
were  2  mg/ day  at  3  months  of  age  and  3  mg/ day  at  6  months  of  age 
(Alexy  et  ah,  1999).  Based  on  data  from  Boersma  et  al.  (1991),  it 
can  be  assumed  that  almost  all  of  the  a-tocopherol  equivalents  in 
human  milk  are  from  a-tocopherol. 

Ages  7  through  12  Months.  When  the  method  described  in  Chap¬ 
ter  3  is  used  to  extrapolate  from  the  AI  for  infants  ages  0  through  6 
months  receiving  human  milk  and  rounding,  the  AI  for  the  older 
infants  is  rounded  up  to  5  mg  (11.6  pmol)/day  a-tocopherol. 

The  NHANES  III  data  for  infants  7  through  12  months  of  age 
range  from  4.1  to  14.8  mg  (11.2  to  34.4  pmol)/day,  mean  8.5  mg 
(19.8  pmol)/day  a-tocopherol  equivalents  (Appendix  Table  C-3). 

Vitamin  E  AI  Summary,  Ages  0  through  12  Months 

AI  for  Infants 

0-6  months  4  mg  (9.3  pmol)/day  of  a-tocopherol  -0.6  mg/kg 

7-12  months  5  mg  (11.6  pmol)/day  of  a-tocopherol  ~0.6  mg/kg 

Children  and  Adolescents  Ages  1  through  1 8  Years 
Evidence  Considered  in  Estimating  the  Average  Requirement 

No  data  were  found  on  which  to  base  an  Estimated  Average  Re¬ 
quirement  (EAR)  for  vitamin  E  for  apparently  healthy  children  or 
adolescents.  In  the  absence  of  additional  information,  EARs  and 
Recommended  Dietary  Allowances  (RDAs)  for  children  and  adoles¬ 
cents  have  been  estimated  using  the  metabolic  formulas  described 
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in  Chapter  3,  which  are  extrapolated  from  adult  values  based  on 
lean  body  mass  and  need  for  growth. 


Vitamin  E  EAR  and  EDA  Summary ,  Ages  1  through  1 8  Years 


EAR  for  Children 

1-3  years 

5  mg  (11.6  pmol)/day  Qf  a-tocopherol 

4-8  years 

6  mg  (14.0  pmol)/day  of  a-tocopherol 

EAR  for  Boys 

9-13  years 

9  mg  (20.9  pmol)/day  of  a-tocopherol 

14-18  years 

12  mg  (27.9  |imol)/day  of  a-tocopherol 

EAR  for  Girls 

9-13  years 

9  mg  (20.9  pmol)/day  of  a-tocopherol 

14-18  years 

12  mg  (27.9  pmol)/day  of  a-tocopherol 

The  RDA  for  vitamin  E  is  set  by  assuming  a  coefficient  of  variation 
(CV)  of  10  percent  (see  Chapter  1)  because  information  is  not  avail¬ 
able  on  the  standard  deviation  of  the  requirement  for  vitamin  E; 
the  RDA  is  defined  as  equal  to  the  EAR  plus  twice  the  assumed  CV 
to  cover  the  needs  of  97  to  98  percent  of  the  individuals  in  the 
group  (therefore,  for  vitamin  E  the  RDA  is  120  percent  of  the  EAR) . 
The  calculated  RDA  in  milligrams  is  rounded. 


RDA  for  Children 
1-3  years 
4-8  years 
RDA  for  Boys 

9-13  years 
14-18  years 
RDA  for  Girls 

9-13  years 
14-18  years 


6  mg  (13.9  pmol)/day  of  a-tocopherol 

7  mg  (16.3  pmol)/day  of  a-tocopherol 

11  mg  (25.6  pmol)/day  of  a-tocopherol 
15  mg  (34.9  pmol)/day  of  a-tocopherol 

1 1  mg  (25.6  yunol)/ day  of  a-tocopherol 
15  mg  (34.9  pmol)/day  of  a-tocopherol 


Adults  Ages  1 9  through  50  Years 

Evidence  Considered  in  Estimating  the  Average  Requirement 

As  stated  earlier,  although  it  is  known  that  humans  require  vita¬ 
min  E  (Cavalier  et  al.,  1998;  Hassan  et  al.,  1966;  Oski  and  Barness, 
1967;  Sokol  et  al.,  1984),  overt  vitamin  E  deficiency  (characterized 
by  sensory  neuropathy,  increased  erythrocyte  fragility,  and  increased 
ethane  and  pentane  production)  is  rare  in  the  United  States  and 
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Canada.  Thus,  current  dietary  patterns  appear  to  provide  sufficient 
vitamin  E  to  prevent  deficiency  symptoms  such  as  peripheral  neur¬ 
opathy.  However,  since  vitamin  E  intakes  are  underestimated,  par¬ 
ticularly  with  respect  to  estimates  of  intake  associated  with  fats  (see 
later  section  “Underreporting  in  Dietary  Surveys”),  an  AI  could  not 
be  reliably  determined  from  the  available  data  on  intakes. 

Data  on  human  experimental  vitamin  E  deficiency  are  very  limit¬ 
ed  but  do  provide  some  guidance  in  estimating  a  requirement.  The 
values  recommended  here  are  based  largely  on  studies  of  induced 
vitamin  E  deficiency  in  humans  and  the  correlation  with  hydrogen 
peroxide-induced  erythrocyte  lysis  and  plasma  a-tocopherol  con¬ 
centrations. 

Only  one  study  has  been  carried  out  in  apparently  healthy  human 
adults  who  were  depleted  of  vitamin  E  over  6  years  and  then  replet- 
ed  (Horwitt,  1960,  1962;  Horwitt  et  al.,  1956).  In  response  to  vita¬ 
min  E  deficiency,  increased  erythrocyte  fragility  (as  assessed  by  an 
in  vitro  test  of  hydrogen  peroxide-induced  hemolysis)  was  observed, 
which  was  reversed  by  vitamin  E  supplementation. 

The  hydrogen  peroxide-induced  hemolysis  test  has  drawbacks  in 
that  it  is  critically  dependent  upon  the  concentration  of  hydrogen 
peroxide  used,  the  erythrocyte  content  of  catalase  and  antioxidants, 
and  the  precise  incubation  conditions.  Nonetheless,  it  is  one  of  the 
few  tests  in  which  the  marker  (erythrocyte  lysis)  has  been  correlated 
with  a  health  deficit  (decreased  erythrocyte  survival)  that  has  been 
shown  to  be  corrected  by  supplemental  vitamin  E.  Therefore,  the 
data  from  this  study  were  used  to  estimate  intakes  for  a-tocopherol 
requirements. 

It  is  recognized  that  there  are  great  uncertainties  in  the  data  uti¬ 
lized  to  set  the  a-tocopherol  requirements.  However,  in  the  absence 
of  other  scientifically  sound  data,  hydrogen  peroxide-induced 
hemolysis  is  the  best  marker  at  the  present  time.  It  should  be  em¬ 
phasized  that  research  is  urgently  needed  to  explore  the  use  of 
other  biomarkers  to  assess  vitamin  E  requirements. 


Plasma  a-Tocopherol  Concentrations  and  Hydrogen  Peroxide- 
Induced  Hemolysis 

The  requirements  for  vitamin  E  intakes  are  therefore  based  pri¬ 
marily  on  studies  in  which  plasma  a-tocopherol  concentrations  and 
corresponding  hydrogen  peroxide-induced  erythrocyte  lysis  were 
determined  (Horwitt,  1960,  1962,  1974;  Horwitt  et  al.,  1956,  1963, 
1972).  Vitamin  E  depletion  in  19  normal,  adult  men  was  studied  by 
feeding  them  a  2,200-kcal  diet  containing  3  mg  (7  pmol)/day  (range 
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2  to  4  mg  [4.7  to  9.3  pmol])  of  a-tocopherol  and  55  g/day  of  fat  (30 
g  from  vitamin  E-free  lard)  for  2.5  years.  After  the  first  2.5  years, 
serum  a-tocopherol  levels  decreased  further  when  thermally  oxi¬ 
dized  corn  oil  with  the  a-tocopherol  removed  was  substituted  for 
lard.  By  replacing  lard  with  corn  oil,  the  total  intake  of  polyunsatu¬ 
rated  fatty  acids  (PUFAs)  was  increased,  thereby  increasing  the  oxi- 
,  dant  burden  on  the  available  vitamin  E  stores.  Subjects  were  fol¬ 
lowed  on  the  vitamin  E-depleted  diet  for  more  than  6  years. 

To  establish  a  criterion  for  estimating  the  EAR,  the  biomarker 
selected  was  the  plasma  a-tocopherol  concentration  that  limited 
hydrogen  peroxide-induced  hemolysis  to  12  percent  or  less.  Differ¬ 
ences  up  to  this  amount  are  not  significant  unless  special  precau¬ 
tions  are  taken  to  age  and  standardize  the  hydrogen  peroxide  solu¬ 
tions  (Horwitt  et  al.,  1963).  The  data  in  Figure  6-6  comparing 
long-term  vitamin  E-depletion  in  four  subjects  (depleted  for  more 
than  72  months)  with  six  control  subjects  (Horwitt  et  al.,  1963) 
show  that  at  some  concentration  of  plasma  a-tocopherol  between  6 
pmol/L  (258  pg/dL)  and  12  pmol/L  (516  pg/dL),  an  increase  in 
hydrogen  peroxide-induced  hemolysis  above  12  percent  was  ob¬ 
served  in  vitro.  Averaging  the  a-tocopherol  concentrations  in  the 
six  subjects  with  hemolysis  values  of  12  percent  or  less  in  Figure  6-6 
results  in  an  average  a-tocopherol  concentration  of  16.2  pmol/L 
(697  pg/dL).  This  is  higher  than  the  results  of  Farrell  et  al.  (1977), 
who  suggested  that  plasma  a-tocopherol  concentrations  of  14  pmol/ 
L  (600  pg/dL)  are  sufficient  to  prevent  hydrogen  peroxide-induced 
hemolysis.  Although  the  exact  plasma  a-tocopherol  concentration 
that  allows  hemolysis  to  take  place  is  unknown,  it  appeared  to  be 
prudent  to  estimate  the  lowest  known  plasma  a-tocopherol  concen¬ 
tration  as  that  cutoff  point  where  hemolysis  would  take  place  in  50 
percent  of  the  population.  Thus,  a  plasma  concentration  of  12 
pmol/L  (516  pg/dL)  was  chosen  as  the  concentration  of  plasma  a- 
tocopherol  associated  with  normal  in  vitro  hydrogen  peroxide- 
induced  hemolysis.  Based  on  NHANES  III  data  (Appendix  Table 
F-2) ,  more  than  95  percent  of  the  population  surveyed  would  have 
plasma  concentrations  greater  than  12  pmol/L  (516  pg/dL),  thus 
indicating  that  the  American  public  is  not  vitamin  E  deficient  by 
this  criterion. 

Plasma  a-Tocopherol  Repletion 

The  effect  of  vitamin  E  repletion  of  depleted  subjects  has  been 
studied.  Horwitt  (1960)  conducted  a  study  in  which  each  subject 
received  a  different  amount  of  vitamin  E  supplement,  ranging  from 
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FIGURE  6-6  Relationship  of  plasma  a-tocopherol  concentrations  and  hemolysis  in 
extensively  vitamin  E-depleted  (>72  months)  and  control  subjects. 

SOURCE:  Adapted  from  Horwitt  ct  al.  (1963). 


0  to  320  mg  (0  to  744  pmol)/day,  for  up  to  138  days.  For  the 
purpose  of  keeping  the  various  supplemental  forms  of  vitamin  E 
administered  in  the  study  equivalent,  the  amounts  of  all  rac-QL- 
tocopheryl  acetate  and  RRR- a-tocopheryl  acetate  administered  were 
converted  to  amounts  of  2/2-a-tocopherol  forms  for  this  analysis  (see 
Table  6-1  for  conversions).  The  criterion  for  vitamin  E  adequacy 
was  defined  as  an  intake  sufficient  to  increase  plasma  a-tocopherol 
concentration  to  or  above  12  pmol/L  (516  pg/dL). 

As  shown  in  Figure  6-7  using  the  data  for  intakes  generated  above 
(Table  6-5),  plasma  a-tocopherol  concentrations  were  linearly  (r2  = 
0.947)  related  to  a-tocopherol  intakes  at  intakes  below  17  mg  (40 
pmol)/day.  Using  the  limit  of  12  pmol/L  (516  pg/dL)  plasma  a- 
tocopherol  as  the  criterion  for  the  estimated  vitamin  E  requirement 
generates  a  intake  of  12  mg  (28.2  pmol)/day  a-tocopherol  as  the 
EAR. 

Circulating  Lipid  Levels 

Based  on  studies  in  normal  and  vitamin  E-deficient  children  and 
adults,  Horwitt  et  al.  (1956),  Farrell  et  al.  (1982),  and  Sokol  et  al. 
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(1984)  concluded  that  plasma  tocopherol  concentrations  alone  may 
be  misleading  in  assessing  human  vitamin  E  status  because  their 
data  have  indicated  a  dependence  of  plasma  tocopherol  concentra¬ 
tions  on  the  amount  of  circulating  lipids.  Moreover,  Winklhofer- 
Roob  et  al.  (1997)  found  that  age  was  a  significant  predictor  of 
plasma  a-tocopherol  concentrations  in  208  Swiss  subjects  aged  0.4 
to  38.7  years.  This  apparent  relationship  was  attributed  to  an  age- 
related  increase  in  serum  cholesterol  concentrations.  Sokol  et  al. 
(1993)  reported  that,  because  of  the  extremely  high  serum  lipids  in 
children  with  cholestasis,  a  ratio  of  serum  a-tocopherol  to  serum 
total  lipids  of  less  than  0.6  mg/g  indicated  vitamin  E  deficiency, 
regardless  of  serum  a-tocopherol  concentrations. 

When  evaluating  the  vitamin  E  status  of  an  individual,  plasma 
lipid  levels  should  be  taken  into  account  because  all  of  the  plasma 
vitamin  E  is  transported  in  plasma  lipoproteins  (Traber  et  al.,  1993). 
In  subjects  with  normal  serum  lipid  concentrations  (328  to  573  mg/ 
dL)  (Sokol  et  al.,  1984),  corrections  are  not  necessary  to  assess 
whether  a-tocopherol  concentrations  are  within  the  normal  range. 

PUFA  Intake 

As  described  earlier,  high  intakes  of  PUFAs  are  typically  accompa¬ 
nied  by  increased  vitamin  E  intakes.  Using  data  from  NHANES  II, 
Murphy  et  al.  (1990)  reported  that  the  mean  PUFA  intake  in  the 
United  States  was  16.3  g/day  for  men  and  10.8  g/day  for  women. 
Based  on  a  ratio  of  at  least  1  pmol  (0.4  mg)  a-tocopherol  per  gram 
of  PUFA  when  the  primary  dietary  PUFA  is  linoleic  acid,  as  in  most 
U.S.  diets  (Bieri  and  Evarts,  1973;  Horwitt,  1974;  Witting  and  Lee, 
1975),  and  a  mean  intake  of  16.3  g  PUFA,  the  lower  boundary  of 
required  a-tocopherol  intake  is  estimated  to  be  7  mg  (16  pmol)/ 
day.  Thus,  the  amount  of  a-tocopherol  required  daily  based  on 
PUFA  intakes  would  be  met  by  the  EAR  of  12  mg  (28.2  pmol) /day 
of  a-tocopherol. 

Vitamin  E  EAR  and  RDA  Summary,  Ages  19  through  50  Years 

Based  on  the  criterion  of  vitamin  E  intakes  sufficient  to  prevent 
hydrogen  peroxide-induced  hemolysis,  the  data  of  Horwitt  (1960) 
support  an  EAR  of  12  mg  (27.9  pmol)  of  a-tocopherol.  The  data 
were  derived  from  studies  in  men  only,  and  no  similar  data  are 
available  for  women.  However,  there  is  no  scientific  basis  for  assum¬ 
ing  different  requirements  for  men  and  women,  and  although  body 


fl/?fl-a-Tocopherol  (mg/day) 


FIGURE  6-7  Relationship  between  serum  a-tocopherol  concentrations  and  dietary 
a-tocopherol  intake  in  repleted  subjects. 

SOURCE:  Adapted  from  Horwitt  (1960). 
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TABLE  6-5  Effect  of  Vitamin  E  Supplements  on  Subjects  Who 
Had  Been  on  Basal  Diet  for  54  Months 


Subject 

a-Tocopherol 

Intake  (mg/d) 

Plasma  Tocopherol  ± 

Standard  Deviation b  (pmol/L) 

1 

3.0 

5.1  ±  1.1 

2 

7.6fl 

7.0  ±  0.6 

3 

9.8° 

11.4+1.5 

4 

12.1° 

11.4  ±  1.7 

5 

16.7° 

16.0  +  0.7 

6 

39.4° 

15.9  +  4.0 

7 

57.7a 

28.6  +  1.2 

a  Intake  was  estimated  from  food  and  vitamin  E  supplements  using  conversion  factors 
from  Table  6-1. 

b  Plasma  oc-tocopherol  concentrations  were  estimated  for  each  individual  by  averag¬ 
ing  the  values  on  days  13,  21,  30,  and  138. 

SOURCE:  Adapted  from  Horwitt  (1960). 


weights  may  be  greater  in  men,  women  have  larger  fat  masses  as  a 
percent  of  body  weight,  and  thus  may  have  similar  requirements. 


EAR  for  Men 

19-30  years 
31-50  years 
EAR  for  Women 
19-30  years 
31-50  years 


12  mg  (27.9  pmol)/day  of  oc-tocopherol 
12  mg  (27.9  pmol)/day  of  oc-tocopherol 

12  mg  (27.9  pmol)/day  of  Oc-tocopherol 
12  mg  (27.9  pmol)/day  of  Oc-tocopherol 


The  RDA  for  vitamin  E  is  set  by  assuming  a  coefficient  of  variation 
(CV)  of  10  percent  (see  Chapter  1)  because  information  is  not  avail¬ 
able  on  the  standard  deviation  of  the  requirement  for  vitamin  E; 
the  RDA  is  defined  as  equal  to  the  EAR  plus  twice  the  CV  to  cover 
the  needs  of  97  to  98  percent  of  the  individuals  in  the  group  (there¬ 
fore,  for  vitamin  E  the  RDA  is  120  percent  of  the  EAR).  The  calcu¬ 
lated  RDA  in  milligrams  is  rounded  up. 


RDA  for  Men 

19-30  years 
31-50  years 
RDA  for  Women 
19-30  years 
31-50  years 


15  mg  (34.9  pmol)/day  of  Oc-tocopherol 
15  mg  (34.9  pmol)/day  of  a-tocopherol 

15  mg  (34.9  pmol)/day  of  a-tocopherol 
15  mg  (34.9  pmol)/day  of  a-tocopherol 
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Adults  Ages  51  Years  and  Older 

Evidence  Considered  in  Estimating  the  Average  Requirement 

As  discussed  earlier,  although  vitamin  E  has  been  hypothesized  to 
prevent  myocardial  infarction  at  the  clinical  level,  only  one  of  the 
four  published  large-scale,  randomized,  double-blind  clinical  sec¬ 
ondary  intervention  studies  that  tested  the  ability  of  vitamin  E  to  do 
this  has  been  supportive  of  that  hypothesis.  This  secondary  preven¬ 
tion  trial  using  400  or  800  international  units  (IU)  (268  or  567 
mg)  /day  of  R/?Ra-tocopherol,  was  strongly  positive  (Stephens  et 
ah,  1996).  The  other  three,  one  carried  out  in  a  group  of  high-risk 
cigarette  smokers  and  using  50  mg/day  of  «//-rar-a-tocopherol 
(ATBC  Cancer  Prevention  Study  Group,  1994)  and  two  carried  with 
groups  of  high-risk  cardiovascular  disease  patients  and  using  300 
mg/day  of  all  rac-a-tocopherol  (GlSSI-Prevenzione  Investigators, 
1999)  or  400  IU  (268  mg) /day  of  Rftfta-tocopherol  (HOPE  Study 
Investigators,  2000),  were  neutral,  with  respect  to  coronary  heart 
disease. 

The  limited  clinical  trial  evidence  precludes  recommendations 
for  higher  vitamin  E  intakes  at  this  time.  Thus,  adults  ages  51  years 
and  older  appear  to  have  the  same  vitamin  E  requirement  as  young¬ 
er  adults. 


Vitamin  E  EAR  and  RDA  Summary,  Ages  51  Years  and  Older 

There  is  no  evidence  that  the  aging  process  impairs  vitamin  E 
absorption  or  utilization.  Therefore,  for  the  age  group  51  years  and 
older  an  EAR  of  12  mg  (27.9  pmol)/day  of  a-tocopherol,  the  same 
as  younger  adults,  is  warranted. 


EAR  for  Men 

51-70  years 
>70  years 
EAR  for  Women 

51-70  years 
>70  years 


12  mg  (27.9  pmol)/day  of  a-tocopherol 
12  mg  (27.9  pmol)/day  of  a-tocopherol 

12  mg  (27.9  pmol)/day  of  a-tocopherol 
12  mg  (27.9  pmol)/day  of  a-tocopherol 


The  RDA  for  vitamin  E  is  set  by  assuming  a  coefficient  of  variation 
(CV)  of  10  percent  (see  Chapter  1)  because  information  is  not  avail¬ 
able  on  the  standard  deviation  of  the  requirement  for  vitamin  E. 
The  RDA  is  defined  as  equal  to  the  EAR  plus  twice  the  assumed  CV 
to  cover  the  needs  of  97  to  98  percent  of  the  individuals  in  the 
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group  (therefore,  for  vitamin  E  the  RDA  is  120  percent  of  the  EAR) . 
The  calculated  RDA  in  milligrams  is  rounded  up. 

RDA  for  Men 

51-70  years  15  mg  (34.9  pmol)/day  of  a-tocopherol 

>70  years  15  mg  (34.9  pmol)/day  of  a-tocopherol 

RDA  for  Women 

51-70  years  15  mg  (34.9  pmol)/day  of  a-tocopherol 

>70  years  15  mg  (34.9  pmol)/day  of  a-tocopherol 

Pregnancy 

Evidence  Considered  in  Estimating  the  Average  Requirement 

In  contrast  to  the  case  for  most  nutrients,  the  blood  concentra¬ 
tion  of  a-tocopherol  increases  during  pregnancy,  in  parallel  with  an 
increase  in  total  lipids  (Horwitt  et  al.,  1972).  Placental  transfer  of 
vitamin  E  from  mother  to  fetus  appears  to  be  relatively  constant  as 
pregnancy  progresses  (Abbasi  et  al.,  1990).  Although  vitamin  E  de¬ 
ficiency  can  occur  in  premature  newborns,  precipitating  a  hemolyt¬ 
ic  anemia  (Oski  and  Barness,  1967;  Ritchie  et  al.,  1968),  there  are 
no  reports  of  vitamin  E  deficiency  during  pregnancy  and  no  evi¬ 
dence  that  maternal  supplementation  with  vitamin  E  would  prevent 
deficiency  symptoms  in  premature  offspring.  Given  the  absence  of 
data,  it  would  appear  that  vitamin  E  supplementation  of  pregnant 
females  is  unwarranted. 

Vitamin  E  EAR  and  RDA  Summary ,  Pregnancy 

Since  there  is  no  evidence  at  this  time  that  the  EAR  for  women 
during  pregnancy  should  be  increased  above  the  level  recommend¬ 
ed  for  women  in  the  nonpregnant  state,  the  EAR  for  pregnancy  is 
assumed  to  be  the  same  and  thus  is  12  mg  (27.9  pmol)/day  of  a- 
tocopherol. 

EAR  for  Pregnancy 

14-18  years  12  mg  (27.9  pmol)/day  of  a-tocopherol 

19-30  years  12  mg  (27.9  pmol)/day  of  a-tocopherol 

31-50  years  12  mg  (27.9  pmol)/day  of  a-tocopherol 

The  RDA  for  vitamin  E  is  set  by  assuming  a  coefficient  of  variation 
(CV)  of  10  percent  (see  Chapter  1)  because  information  is  not  avail¬ 
able  on  the  standard  deviation  of  the  requirement  for  vitamin  E; 
the  RDA  is  defined  as  equal  to  the  EAR  plus  twice  the  assumed  CV 
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to  cover  the  needs  of  97  to  98  percent  of  the  individuals  in  the 
group  (therefore,  for  vitamin  E  the  RDA  is  120  percent  of  the  EAR) . 
The  calculated  RDA  in  milligrams  is  rounded  up. 

RDA  for  Pregnancy 

14-18  years  15  mg  (34.9  pmol)/day  of  a-tocopherol 

19-30  years  15  mg  (34.9  pmol)/day  of  a-tocopherol 

31-50  years  15  mg  (34.9  pmol)/day  of  a-tocopherol 

Lactation 

Evidence  Considered  in  Estimating  the  Average  Requirement 

As  indicated  earlier  in  the  section  on  infants,  the  estimated  aver¬ 
age  amount  of  a-tocopherol  secreted  daily  in  human  milk  in  the 
first  6  months  of  life  is  4  mg  (9.3  pmol).  Thus,  addition  of  this 
figure  to  the  EAR  for  a-tocopherol  for  women,  12  mg  (28.2  pmol) / 
day,  would  provide  an  EAR  of  16  mg  (37.5  pmol) /day  of  a-toco¬ 
pherol  in  a  lactating  female. 

The  EAR  is  in  excess  of  the  median  intake  of  8.4  mg  (19.5  pmol)/ 
day  for  lactating  women  reported  in  the  U.S.  Department  of  Agri¬ 
culture  Continuing  Survey  of  Food  Intake  by  Individuals  (CSFII) 
(Appendix  Table  D-2).  Because  estimates  of  vitamin  E  intake  are 
underreported  and  vitamin  E  deficiency  in  infants  receiving  human 
milk  is  extremely  rare,  it  is  logical  to  postulate  that  lactating  women 
are  consuming  more  vitamin  E  than  reported  and  that  ingestion  of 
supplements  is  unnecessary  during  lactation. 

Vitamin  E  EAR  and  RDA  Summary ,  Lactation 

To  estimate  the  EAR  for  lactation,  the  average  vitamin  E  secreted 
in  human  milk,  4  mg  (9.3  pmol)  of  a-tocopherol,  is  added  to  the 
EAR  for  the  nonlactating  woman,  giving  an  EAR  of  16  mg  (37.2 
pmol) /day  of  a-tocopherol. 

EAR  for  Lactation 

14-18  years  16  mg  (37.2  pmol)/day  of  a-tocopherol 

19-30  years  16  mg  (37.2  pmol)/day  of  a-tocopherol 

31-50  years  16  mg  (37.2  pmol)/day  of  a-tocopherol 

The  RDA  for  vitamin  E  is  set  by  assuming  a  coefficient  of  variation 
(CV)  of  10  percent  (see  Chapter  1)  because  information  is  not  avail¬ 
able  on  the  standard  deviation  of  the  requirement  for  vitamin  E; 
the  RDA  is  defined  as  equal  to  the  EAR  plus  twice  the  assumed  CV 
to  cover  the  needs  of  97  to  98  percent  of  the  individuals  in  the 
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group  (therefore,  for  vitamin  E  the  RDA  is  120  percent  of  the  EAR) . 
The  calculated  RDA  in  milligrams  is  rounded  down. 

RDA  for  Lactation 

14-18  years  19  mg  (44.2  pmoI)/day  of  a-tocopherol 

19-30  years  19  mg  (44.2  pmol)/day  of  a-tocopherol 

31-50  years  19  mg  (44.2  pmol)/day  of  a-tocopherol 

Special  Considerations 

Chronic  Diseases 

Data  related  to  the  effects  of  vitamin  E  on  morbidity  and  mortality 
from  chronic  disease  in  the  United  States  and  Canada  are  limited. 
The  evidence  is  strongest  for  prevention  of  coronary  heart  disease 
(CHD) .  However,  even  for  this  outcome,  four  double-blind,  place- 
bo-controlled  trials  have  been  reported,  and  only  one  of  four,  the 
Cambridge  Heart  Antioxidant  Study  (CHAOS)  (Stephens  et  al., 
1996),  with  prevention  of  heart  disease  as  its  primary  aim,  had  a 
positive  outcome.  Two  of  the  other  trials,  the  GISSI-Prevenzione 
Trial  and  the  Heart  Outcomes  Prevention  Evaluation  (HOPE)  Study 
(GISSI-Prevenzione  Investigators,  1999;  HOPE  Study  Investigators, 
2000),  with  prevention  of  heart  disease  as  their  primary  aim,  had 
neutral  results.  Similarly,  the  fourth  trial,  the  Alpha-Tocopherol 
Beta-Carotene  (ATBC)  Cancer  Prevention  Study  (ATBC  Cancer  Pre¬ 
vention  Study  Group,  1994),  which  had  lung  cancer  as  its  primary 
outcome,  reported  no  beneficial  effect  of  vitamin  E  on  myocardial 
infarction  rates.  Thus,  a  recommendation  of  high  vitamin  E  intakes 
for  the  general  population  to  decrease  CHD  risk  is  considered  pre¬ 
mature. 

Some  physicians  caring  for  patients  with  coronary  artery  disease 
are  already  prescribing  vitamin  E  at  doses  used  in  the  CHAOS  study, 
400  or  800  IU  (268  or  567  mg) /day  of  RRR-a-tocopherol.  Precisely 
how  vitamin  E  works  at  these  high  doses  is  not  known  but  could 
include  both  antioxidant  and  nonantioxidant  mechanisms.  This  is 
an  active  research  area  at  both  the  molecular  and  the  clinical  levels, 
and  further  research  is  needed. 

Currently,  a  number  of  other  double-blind,  placebo-controlled 
intervention  trials  of  the  efficacy  of  vitamin  E  to  prevent  or  amelio¬ 
rate  CHD  are  in  progress.  If  these  studies  result  in  positive  out¬ 
comes,  it  may  become  necessary  to  review  the  recommendations  for 
vitamin  E  intakes  in  some  subgroups  of  the  adult  populations,  espe¬ 
cially  those  in  the  groups  over  50  years  of  age  because  increasing 
age  is  an  important  risk  factor  for  heart  disease.  Although  there  is  a 
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large  and  growing  body  of  experimental  evidence  suggesting  that 
vitamin  E  supplementation  may  reduce  the  risk  of  some  chronic 
diseases,  especially  heart  disease,  the  results  of  the  GISSI  Prevenzi- 
one  Trial  (GISSI-Prevenzione  Investigators,  1999),  the  Heart  Out¬ 
comes  Prevention  Evaluation  (HOPE)  study  (HOPE  Study  Investi¬ 
gators,  2000),  and  the  Alpha-Tocopherol  Beta-Carotene  (ATBG) 
Cancer  Prevention  Study  (ATBG  Cancer  Prevention  Study  Group, 
1994)  preclude  recommendations  for  higher  vitamin  E  intakes  at 
this  time. 

Exercise 

High  levels  of  physical  activity  and  sports  might  increase  oxidative 
damage  and  thus  increase  needs  for  antioxidants.  It  is  unknown 
whether  or  the  extent  to  which  increased  oxidative  damage  occurs 
in  physical  exercise.  However,  the  Boston  Nutritional  Status  Survey 
reported  that  plasma  vitamin  E  concentrations  increased  slightly 
with  regular  exercise  in  adults  60  years  of  age  and  older  (Hart/  et 
al.,  1992).  It  is,  therefore,  not  known  if  any  adjustment  in  vitamin  E 
requirements  is  needed  in  response  to  strenuous  or  regular  exercise. 

Extreme  Body  Size  and  Composition 

Given  the  minimal  data  available  to  develop  the  EAR,  adjusting 
any  recommendations  for  vitamin  E  requirements  to  meet  expect¬ 
ed  needs  for  individuals  with  extreme  variation  for  reference  body 
size  or  composition  must  await  additional  data. 

Cigarette  Smokers 

Potentially  injurious  free  radicals  are  present  in  cigarette  tar  and 
smoke  (Church  and  Pryor,  1985;  Pryor  and  Stone,  1993).  In  addi¬ 
tion,  cigarette  smokers  have  increased  phagocyte  activities  (Eiserich 
et  al.,  1997).  Smokers  are  therefore  under  a  high  and  sustained 
free-radical  load,  both  from  cigarette  smoke  itself  and  from  oxi¬ 
dants  produced  by  activated  phagocytes  (Cross  et  al.,  1997;  Duthie 
et  al.,  1991;  Eiserich  et  al.,  1995). 

Exposure  to  cigarette  smoke  damages  antioxidant  defenses.  Low 
blood  levels  of  vitamin  C  are  a  characteristic  feature  of  heavy  smok¬ 
ers  (Duthie  et  al.,  1995, 1996;  Mezzetti  et  al.,  1995;  Ross  et  al.,  1995). 
Cigarette  smoke  also  damages  low  molecular  weight  thiols  and  es¬ 
pecially  thiol-containing  proteins  in  human  plasma  (O’Neill  et  al., 
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1994)  and  white  blood  cells  (Tsuchiya  et  al.,  1992).  Plasma  vitamin 
t  is  not  routinely  depleted  in  cigarette  smokers  relative  to  non- 
smokers.  However,  vitamin  E  supplementation  of  smokers  has  been 
shown  to  reduce  indicators  of  lipid  peroxidation  (Mezzetti  et  al., 
1995;  Morrow  et  al.,  1995;  Pratico  et  al.,  1998;  Reilly  et  al.  1996)' 

suggesting  that  plasma  vitamin  E  may  not  be  indicative  of  tissue 
stores. 

It  is  unknown  if  any  adjustment  in  vitamin  E  requirements  is  need¬ 
ed  in  those  who  smoke  or  are  routinely  exposed  to  smoke. 


INTAKE  OF  VITAMIN  E 

As  stated  earlier,  the  Dietary  Reference  Intakes  (DRIs)  for  vitamin 
E  are  based  on  a-tocopherol  only  and  do  not  include  amounts  ob- 
tamed  from  the  other  seven  naturally  occurring  forms  historically 
called  vitamin  E  ((3-,  y-,  5-tocopherol  and  the  four  tocotrienols) . 
Because  the  different  forms  of  vitamin  E  cannot  be  interconverted 
in  the  human,  the  Estimated  Average  Requirements  (EARs),  Rec¬ 
ommended  Dietary  Allowances  ( RD As) ,  and  Adequate  Intakes’ (AIs) 
apply  only  to  the  intake  of  RRR-u- tocopherol  from  food  and  the  2 R- 
stereoisomeric  forms  of  a-tocopherol  (RRR-,  RSR-,  RRS-,  and  RSS-a- 
tocopherol)  that  occur  in  fortified  foods  and  supplements.  Al¬ 
though  both  a-  and  y-tocopherols  are  absorbed,  only  a-tocopherol 
is  preferentially  secreted  by  the  liver  into  the  plasma  (because  a- 
tocopherol  transfer  protein  [a-TTP]  recognizes  only  a-tocopherol) 
lor  transport  to  tissues  while  y-tocopherol  is  preferentially  metabo¬ 
lized  and  excreted.  This  implies  that  the  body  requires  a-tocopherol 
lor  some  special  (as  yet  undefined)  need  and  other  forms  of  vita¬ 
min  E  do  not  qualify. 

Currently,  most  nutrient  databases,  as  well  as  nutrition  labels,  do 
not  distinguish  among  the  different  tocopherols  in  food.  Thus,  the 
data  below  on  intakes  from  surveys  and  nutrient  content  of  foods 
are  presented  as  a-tocopherol  equivalents  (a-TE)  and  thus  include 
the  contribution  of  all  eight  naturally  occurring  forms  of  vitamin  E, 
after  adjustment  for  bioavailability  using  previously  determined 
equivalency  (e.g.,  y-tocopherol  was  assumed  to  have  only  10  percent 
of  the  availability  of  a-tocopherol)  based  on  fetal  resorption  assays 
(see  earlier  section  on  “Units  of  Vitamin  E  Activity”).  Because  other 
forms  of  vitamin  E  occur  in  foods  (e.g.,  y-tocopherol  is  present  in 
widely  consumed  oils  such  as  soybean  and  corn  oils) ,  the  intake  of 
a-TE  is  greater  than  the  intake  of  a-tocopherol  alone. 
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Vitamin  E  Conversion  Factors 


Food  Sources  of  Vitamin  E 

The  reported  median  vitamin  E  intake  in  the  United  States  of  all 
individuals  surveyed  in  1988  to  1994  in  the  Third  National  Health 
and  Nutrition  Examination  Survey  (NHANES  III)  was  9  mg  (21 
umol)  /day  of  a-TE  (see  Appendix  Table  C-3) .  Additional  data  from 
the  NHANES  III  database  indicate  that  a-tocopherol  from  food  as 
defined  in  this  report  (the  RRR-form)  contributed  approximately  7 
me/day  of  the  9  mg/day  median  intake  of  total  a-TE  (see  Appen¬ 
dix  Table  C-4).  Thus,  based  on  NHANES  III,  approximately  80  per¬ 
cent  of  the  a-TE  from  foods  in  the  survey  are  reported  to  be  con¬ 
tributed  by  foods  containing  a-tocopherol.  Thus,  to  estimate  the 
a-tocopherol  intake  from  food  surveys  in  the  United  States  m  which 
food  intake  data  are  presented  as  a-TE,  the  a-TE  should  be  multi- 
plied  by  0.8: 

mg  of  a-tocopherol  in  a  meal  = 
mg  of  a-tocopherol  equivalents  in  a  meal  X  0.8. 

If  diets  vary  considerably  from  what  might  be  considered  typical 
in  the  United  States  and  Canada,  other  factors  may  be  more  appro¬ 
priate  to  use  in  place  of  0.8. 


Vitamin  E  Supplements 

To  determine  the  number  of  milligrams  of  a-tocopherol  in  a  mul¬ 
tiple-vitamin  supplement  labeled  in  international  units  (IUs),  one 
of  two  conversion  factors  is  used.  If  the  form  of  the  supplement  is 
“natural”  or  RRR-a-tocopherol  (historically  and  incorrectly  labeled 
d-a-tocopherol)  (Horwitt,  1976),  the  correct  factor  is  0.67  mg/IU 
(USP,  1999).  Thus,  30  IUs  of  RRR-a-tocopherol  (labeled  as  d-a- 
tocopherol)  in  a  multivitamin  supplement  would  equate  to  20  mg 
of  a-tocopherol  (30  x  0.67).  The  same  factor  would  be  used  for  30 
IUs  of  either  tfRR-a-tocopherol  acetate  or  i^-a-tocopherol  succi¬ 
nate,  because  the  amount  in  grams  of  these  forms  in  a  capsule  has 
been  adjusted  based  on  their  molecular  weight.  If  the  form  of  the 
supplement  is  all  rar-a-tocopherol  (historically  and  incorrectly  la¬ 
beled  ^/-a-tocopherol)  (Horwitt,  1976),  the  appropriate  factor  is 
0.45  mg/IU,  reflecting  the  inactivity  of  the  2Sstereoisomers.  lhus, 
30-IU  of  all  rar-a-tocopherol  (labeled  as  d/-a-tocopherol)  in  a  multi¬ 
vitamin  supplement  would  equate  to  13.5  mg  of  a-tocopherol  (30  X 
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0.45).  The  same  factor  would  be  used  for  the  all  rac-a-tocopherol 
acetate  and  succinate  forms  as  well.  See  Table  6-1  for  more  informa¬ 
tion  on  the  derivation  of  these  conversion  factors  to  be  used  when 
estimating  intake  from  these  forms  of  a-tocopherol  to  meet  require¬ 
ments. 

mg  of  a-tocopherol  in  food,  fortified  food,  or  multivitamin 
=  IU  of  the  fffiR-a-tocopherol  compound  x  0.67. 

or 

=  IU  of  the  all  rac-a-tocopherol  compound  x  0.45. 

Food  Sources 

The  various  vitamin  E  forms  occur  in  different  proportions  in 
foods.  The  main  dietary  sources  of  vitamin  E  are  edible  vegetable 
oils  (Dial  and  Eitenmiller,  1995;  McLaughlin  and  Weihrauch,  1979; 
Sheppard  et  al.,  1993)  (Figure  6-8).  At  least  half  of  the  tocopherol 
content  of  wheat  germ  oil,  sunflower  oil,  cottonseed  oil,  safflower 
oil,  canola  oil,  and  olive  oil  is  in  the  form  of  a-tocopherol.  Soybean 
and  corn  oils  contain  about  10  times  as  much  y-tocopherol  as  a- 
tocopherol.  Palm  and  rice  bran  oils  contain  high  proportions  of  a- 
tocopherol,  as  well  as  various  tocotrienols  (Dial  and  Eitenmiller, 
1995).  Other  foods  providing  vitamin  E  include  unprocessed  cereal 
grains,  nuts,  fruits,  vegetables,  and  meats,  especially  the  fatty  por¬ 
tion.  As  stated  previously,  all  of  the  a-tocopherol  present  in  these 
unfortified  foods  would  be  in  the  natural  form,  iffifra-tocopherol 
and  would  contribute  toward  meeting  the  recommended  dietary 
allowance.  The  other  non-a-tocopherol  forms  of  vitamin  E  present 
in  food  would  not. 


Dietary  Intake 


Dietary  Surveys 

According  to  the  1994  to  1996  Continuing  Survey  of  Food  Intakes 
by  Individuals  (CSFII)  (Appendix  Table  D-2),  the  median  reported 
dietary  intakes  of  men  and  women  aged  31  through  50  years  are  9.3 
mg  (21.6  pmol)/day  and  6.8  mg  (15.8  pmol)/day,  respectively,  of 
a-TE.  Using  the  factor  (0.8)  derived  from  NHANES  III  data  to  de¬ 
termine  a-tocopherol  intake  from  a-TE,  the  adjusted  intakes  would 
be  7.5  mg  (17.4  pmol)/day  for  men  (9.3  x  0.8)  and  5.4  mg  (12.6 
pmol)  /day  for  women  (6.8  x  0.8) . 

Data  from  NHANES  III  (Appendix  Tables  C-3  and  C-5)  indicate  a 
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FIGURE  6-8  The  various  vitamin  E  forms  in  edible  vegetable  oils. 
SOURCE:  Data  obtained  from  Dial  and  Eitenmiller  (1995). 


median  total  intake  (including  supplements)  of  12.9  mg  (30.0 
pmol) /day  of  a-TE  (10.3  mg  [24.0  pmol]/day  of  a-tocopherol)  and 
a  median  dietary  intake  from  food  alone  of  11.7  mg  (27.2  pmol)/ 
day  of  a-TE  (9.4  mg  [21.9  pmol]/day  of  a-tocopherol)  among  men 
31  through  50  years  of  age.  Thus,  these  men  are  consuming  0.9  mg 
(10.3  minus  9.4  mg/day)  of  a-tocopherol  from  supplements.  If  the 
form  of  the  supplement  is  all  rar-a-tocopherol,  the  0.9  mg  (2.1 
pmol) /day  would  be  divided  by  2  (see  section  on  “Interconversion 
of  Vitamin  E  Units”),  which  would  result  in  an  adjusted  supplement 
intake  of  0.4  mg  (0.9  pmol)/day  of  a-tocopherol.  Thus,  the  adjusted 
estimate  for  total  intake  from  food  (9.4  mg)  and  supplements  (0.4 
mg)  is  9.8  mg  (22.8  pmol)/day  of  a-tocopherol.  If  the  form  of  the 
supplement  is  RRR- a-tocopherol,  all  of  the  0.9  mg  (2.1  pmol)/day 
of  a-tocopherol  in  the  multivitamin  supplement  contributes  to 
meeting  the  requirement,  and  the  total  intake  is  10.3  mg  (24.0 
pmol)/day  of  a-tocopherol.  For  women  in  this  age  range,  the  medi¬ 
an  total  intake  (including  supplements)  is  9.1  mg  (21.2  pmol)/day 
of  a-TE  (7.3  mg  [17.0  pmol]  of  a-tocopherol)  and  the  median  di¬ 
etary  intake  is  8.0  mg  (18.6  pmol) /day  of  a-TE  (6.4  mg  [14.9  pmol]/ 
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day  of  a-tocopherol)  from  food  alone.  Thus,  the  adjusted  median 
reported  intake  for  these  women  would  be  0.9  mg  (7.3  minus  6.4 
mg/day)  of  a-tocopherol  from  supplements.  If  the  supplement  is 
all  rac-a-tocopherol,  the  0.9  mg  (2.1  pmol)  /day  would  be  divided  by 
2  (see  section  on  “Interconversion  of  Vitamin  E  Units”),  resulting 
in  an  adjusted  median  intake  from  supplements  of  0.4  mg  (0.9 
pmol)  / day  of  a-tocopherol.  Thus,  the  total  adjusted  median  intake 
reported  from  food  (6.4  mg)  and  supplements  (0.4  mg)  is  6.8  mg 
(15.8  pmol) /day  of  a-tocopherol.  Again,  if  the  form  of  the  supple¬ 
ment  is  jRRR-a-tocopherol,  all  of  the  0.9  mg  (2.1  pmol)/day  of 
a-tocopherol  from  the  multivitamin  supplement  would  contribute 
to  meeting  the  requirement,  and  the  total  intake  from  diet  and 
supplements  remains  7.3  mg  (17.0  pmol)/day  of  a-tocopherol. 


Underreporting  in  Dietary  Surveys 

The  above  CSFII  and  NHANES  III  intake  estimates  may  be  low 
due  to  four  sources  of  measurement  error  that  are  important  with 
regard  to  vitamin  E  intake:  (1)  energy  intake  is  underreported  in 
the  national  surveys  (Mertz  et  al.,  1991) ,  and  fat  intake  (which  serves 
as  a  major  carrier  for  vitamin  E)  is  likely  to  be  more  underreported 
than  energy  intake  in  the  NHANES  III  survey  (Briefel  et  al.,  1997); 
(2)  the  amount  of  fats  and  oils  added  during  food  preparation  (and 
absorbed  into  the  cooked  product)  is  difficult  to  assess  using  diet 
recall  methodologies,  yet  contributes  substantially  to  vitamin  E  in¬ 
take;  (3)  uncertainties  about  the  particular  fats  or  oils  consumed, 
particularly  when  food  labels  do  not  provide  the  specific  fat  or  oil  in 
the  product  (e.g.,  “this  product  may  contain  partially  hydrogenated 
soybean  and/or  cottonseed  oil  or  vegetable  oil”)  necessitate  a  reli¬ 
ance  on  default  selections  (and  thus  assumptions  about  the  relative 
content  of  a-  and  y-tocopherols) ;  and  (4)  because  of  the  small  num¬ 
ber  of  samples,  the  vitamin  E  content  of  food  sources  in  the  CSFII 
and  NHANES  III  databases  are  very  variable  (J.  Holden,  Agricultural 
Research  Service,  USDA,  personal  communication,  April  13,  1999). 

Recently,  Haddad  et  al.  (1999)  reported  vitamin  E  intakes  of  25 
vegans  (defined  as  those  who  excluded  all  animal  products  from 
their  diets)  and  20  nonvegans  between  the  ages  of  20  and  60  years. 
The  reported  vitamin  E  intakes,  based  on  4-day  food  records,  were 
17  to  23  mg  (40  to  53  pmol) /day  of  a-tocopherol  equivalents.  Using 
the  factor  (0.8)  from  NHANES  III  data  to  adjust  for  a-tocopherol 
equivalents,  the  above  estimated  intakes  would  equate  to  13.6  to 
18.4  mg  (31.6  to  42.8  pmol) /day  of  a-tocopherol.  Van  het  Hof  et  al. 
(1999)  reported  that  conventional  Dutch  menus  contained  20.9  mg 
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(48.7  pmol)/day  of  a-tocopherol  when  these  diets  were  analyzed 
chemically.  These  two  studies  indicate  that  vitamin  E  intakes  from 
the  CSFII  and  NHANES  III  surveys  are  probably  underestimated 
even  with  the  adjustment  factor  (0.8)  and  suggest  that  mean  intakes 
of  apparently  healthy  adults  in  the  United  States  and  Canada  are 
likely  to  be  above  the  RDA  of  15  mg  (34.9  pmol)/day  of  a-tocopherol. 

Most  dietary  vitamin  E  is  present  in  fats  and  its  oils  (Sheppard  et 
al.,  1993);  therefore,  changes  in  dietary  habits  to  decrease  fat  intake 
may  have  deleterious  effects  on  vitamin  E  intake  (Adam  et  al.,  1995; 
Bae  et  al.,  1993;  Retzlaff  et  al.,  1991;  Sarkkinen  et  al.,  1993;  Velthuis- 
te  Wierik  et  al.,  1996).  Patients  with  coronary  artery  disease,  who 
did  not  take  vitamin  supplements,  had  average  dietary  vitamin  E 
intakes  of  5.8  mg  (13.4  pmol)/day  of  a-tocopherol  equivalents 
(adjusted  to  4.6  mg  [10.8  pmol]/day  of  a-tocopherol)  in  a  25  per¬ 
cent  fat  diet  containing  2,058  kcal  (Mandel  et  al.,  1997).  This  exam¬ 
ple  demonstrates  that  low-fat  diets  can  substantially  decrease  vita¬ 
min  E  intakes  if  food  choices  are  not  carefully  made  to  enhance 
a-tocopherol  intakes. 

Dietary  Vitamin  E  Sources 

Murphy  et  al.  (1990)  evaluated  vitamin  E  intakes  from  NHANES 
II.  Fats  and  oils  used  as  spreads,  etc.  contributed  20.2  percent  of  the 
total  vitamin  E;  vegetables,  15.1  percent;  meat,  poultry,  and  fish, 
12.6  percent;  desserts,  9.9  percent;  breakfast  cereals,  9.3  percent; 
fruit,  5.3  percent;  bread  and  grain  products,  5.3  percent;  dairy  prod¬ 
ucts,  4.5  percent;  mixed  main  dishes,  4.0  percent;  nuts  and  seeds, 
3.8  percent;  eggs,  3.2  percent;  salty  snacks,  3  percent;  legumes,  2.1 
percent;  and  soups,  sauces,  and  gravies,  1.7  percent. 

As  indicated  previously,  estimation  of  dietary  vitamin  E  intake  is 
difficult  because  the  source  of  oil  is  often  not  known  with  certainty. 
Lehmann  et  al.  (1986)  analyzed  the  foods  used  in  a  human  diet 
study  for  vitamin  E  content.  Each  menu  was  designed  to  contain 
2,400  kcal  with  35  percent  fat  calories  and  included  either  10  or  30 
g/day  of  linoleic  acid  and  500  mg/day  of  cholesterol;  the  high 
linoleic  acid  diet  contained  10  g  of  safflower  oil.  As  shown  in  Figure 
6-9,  substituting  various  oils  for  the  10  g  of  safflower  oil  resulted  in 
vitamin  E  intakes  that  varied  from  6.9  to  13.8  mg  (16  to  32  pmol)/ 
day  of  a-TE  depending  on  the  source  of  the  vegetable  oil  (vitamin  E 
contents  were  estimated  from  Lehmann  et  al.,  1986,  and  Dial  and 
Eitenmiller,  1995). 
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Intake  from  Supplements 

Vitamin  E  supplement  use  is  high  in  the  U.S.  population  (Hartz 
et  al.,  1988;  Slesinski  et  al.,  1996).  Information  from  the  Boston 
Nutritional  Status  Survey  on  use  of  supplemental  vitamin  E  by  a 
free-living  population,  60  years  of  age  and  older,  indicated  that  38 
percent  of  the  men  took  a  nutritional  supplement  and  68  percent 
of  these  users  took  a  vitamin  E  supplement.  Of  the  women,  49  per¬ 
cent  used  supplements  with  73  percent  of  them  taking  a  vitamin  E 
supplement  (Hartz  et  al.,  1992).  In  the  earlier  1986  National  Health 
Interview  Survey,  26  percent  of  all  adults  reported  use  of  supple¬ 
ments  containing  vitamin  E  (Moss  et  al.,  1989).  Slesinski  et  al. 
(1996)  examined  supplement  usage  in  over  11,000  adults  who  par¬ 
ticipated  in  the  1992  National  Health  Interview  Survey  Epidemiolo¬ 
gy  Supplement  and  reported  that  diets  of  women  utilizing  supple¬ 
ments  that  contained  vitamin  E  were  higher  in  vitamin  E  compared 
with  those  of  nonsupplement  users.  No  differences  in  vitamin  E 
intake  were  found  in  the  men  participating  in  the  survey. 

TOLERABLE  UPPER  INTAKE  LEVELS 

The  Tolerable  Upper  Intake  Level  (UL)  is  the  highest  level  of 
daily  nutrient  intake  that  is  likely  to  pose  no  risk  of  adverse  health 
effects  in  almost  all  individuals.  Although  members  of  the  general 
population  should  be  advised  not  to  exceed  the  UL  for  vitamin  E 
routinely,  intake  above  the  UL  may  be  appropriate  for  investigation 
within  well-controlled  clinical  trials.  In  light  of  evaluating  possible 
benefits  to  health,  clinical  trials  of  doses  above  the  UL  should  not 
be  discouraged,  as  long  as  subjects  participating  in  these  trials  have 
signed  informed  consent  documents  regarding  possible  toxicity,  and 
as  long  as  these  trials  employ  appropriate  safety  monitoring  of  trial 
subjects.  Also,  the  UL  is  not  meant  to  apply  to  individuals  who  are 
receiving  vitamin  E  under  medical  supervision. 

Hazard  Identification 


Adverse  Effects 

There  is  no  evidence  of  adverse  effects  from  the  consumption  of 
vitamin  E  naturally  occurring  in  foods.  Therefore,  this  review  is 
limited  to  evidence  concerning  intake  of  a-tocopherol  as  a  supple¬ 
ment,  food  fortificant,  or  pharmacological  agent.  i?jR/?-a-tocopheryl 
acetate  (historically  and  incorrectly  labeled  d-a-tocopheryl  acetate) 
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a-Tocopherol  intake  (mg/day) 


^1  Meat/dairy  |  |  Bread/cake  | '  Fruit/vegetable  |  |  Fat 


FIGURE  6-9  Variations  in  a-tocopherol  content  of  diets  containing  different  oils. 
A  sample  diet  contained  2,400  kcal  with  35  percent  fat  calories  including  cither  10 
or  30  g/day  of  linoleic  acid  (18:2)  and  500  mg/day  cholesterol;  the  high  linoleic 
acid  diet  contained  10  g  safflower  oil.  When  various  oils  were  substituted  for  the  10 
g  safflower  oil,  vitamin  E  intakes  varied  from  7  to  14  mg  (16  to  33  pmol)/day  of  a- 
tocopherol  depending  on  the  source  of  the  vegetable  oil. 

SOURCE:  Lehmann  et  al.  (1986)  and  Dial  and  Eitcnmillcr  (1995). 
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(Horwitt,  1976)  and  all  rac-a-tocopheryl  acetate  (historically  and 
incorrectly  labeled  dkx-tocopheryl  acetate)  (Horwitt,  1976)  are  the 
forms  of  synthetic  vitamin  E  used  almost  exclusively  in  supplements, 
food  fortification,  and  pharmacologic  agents. 

Animal  studies  show  that  cc-tocopherol  is  not  mutagenic,  carcino¬ 
genic,  or  teratogenic  (Abdo  et  al.,  1986;  Dysmsza  and  Park,  1975; 
Krasavage  and  Terhaar,  1977).  Animals  fed  extremely  high  doses  of 
a-tocopherol  or  a-tocopheryl  acetate  have  been  shown  to  experi¬ 
ence  a  variety  of  adverse  effects,  but  the  relevance  of  some  of  this 
information  to  the  human  situation  is  questionable. 

Little  information  exists  on  the  adverse  effects  to  humans  that 
might  result  from  ingestion  of  other  forms  of  tocopherol,  such  as  y-  or 
(3-tocopherol,  in  amounts  exceeding  the  levels  normally  found  in 
foods.  One  study  in  humans  given  supplements  of  either  all  rac-a- 
tocopherol,  f£ft/?-a-tocopherol,  or  mixed  tocopherols  (a,  |3,  and  y- 
tocopherol)  demonstrated  that  all  supplements  yielded  the  same 
plasma  a-  and  y-tocopherol  concentrations  (Chopra  and  Bhagavan, 
1999).  Some  data  are  available  from  animal  studies,  however.  Clement 
and  Bourre  (1997)  found  that  rats  fed  large  amounts  of  y-tocopherol 
had  increased  concentrations  of  a-tocopherol  in  plasma  and  tissues 
Although  the  fractional  absorption  of  a-tocopherol  was  decreased 
when  a-tocopherol  supplements  were  given  to  thoracic  duct- 
cannulated  rats,  no  decrease  was  seen  in  y-tocopherol  absorption 
(Traber  et  al.,  1986).  Thus,  it  appears  that  absorption  of  the  various 
forms  of  vitamin  E  is  independent  and  unaffected  by  the  presence 
of  large  amounts  of  the  other  forms. 

Plasma  a-tocopherol  concentrations  are  not  informative  for  assess¬ 
ing  adverse  effects  because  plasma  concentrations  reach  a  similar 
plateau  (approximately  3  to  4  times  unsupplemented  concentra¬ 
tions)  when  humans  consume  supplements  containing  at  least  200 
mg  (465  pmol)  / day  of  either  RRR-  or  all  rac-a-tocopherol  (Chopra 
and  Bhagavan,  1999;  Devaraj  et  al.,  1997;  Dimitrov  et  al.,  1991, 1996; 
Jialal  et  al.,  1995;  Meydani  et  al.,  1998;  Princen  et  al.,  1995).  How¬ 
ever,  since  all  forms  of  vitamin  E  are  absorbed,  although  are  not 
maintained  in  the  plasma  (as  discussed  in  the  earlier  section 
“Absorption  and  Transport”  [Kiyose  et  al.,  1997;  Meydani  et  al., 
1989;  Traber  and  Kayden,  1989a;  Traber  et  al.,  1992,  1994a]),  they 
all  could  contribute  to  vitamin  E  toxicity.  These  observations  sug¬ 
gest  that  at  doses  at  which  adverse  effects  are  observed,  all  the  stereo¬ 
isomers  of  a-tocopherol  should  be  considered  equivalent.  A  review 
of  vitamin  E  toxicity  studies  concluded  that  humans  show  few  side 
effects  following  supplemental  doses  below  2,100  mg  (4,885  pmol)  / 
day  of  tfftfra-tocopherol  (Kappus  and  Diplock,  1992).  However,  most 
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studies  of  the  possible  effects  of  supplemental  a-tocopherol  (all 
forms)  on  human  health  have  been  conducted  over  periods  of  a 
few  weeks  to  a  few  months,  so  the  possible  chronic  effects  of  life¬ 
time  exposures  to  high  supplemental  levels  of  a-tocopherol  remain 
uncertain. 

Hemorrhagic  Toxicity — Humans.  Three  large-scale  intervention  tri¬ 
als,  one  supplementing  with  400  or  800  IU  (268  or  567  mg) /day  of 
jR/lR-a -tocopherol  for  1.4 years  (Stephens  et  al.,  1996),  another  sup¬ 
plementing  with  300  mg/ day  of  all  rar-a-tocopherol  for  3.5  years 
(GISSI-Prevenzione  Investigators,  1999),  and  the  third  supplement¬ 
ing  with  400  IU  (268  mg) /day  of  tfftfl-a-tocopherol  for  4.5  years 
(HOPE  Study  Investigators,  2000),  reported  no  increased  risk  of 
stroke.  However,  another  large-scale  randomized  trial,  the  Alpha- 
Tocopherol,  Beta  Carotene  (ATBC)  Cancer  Prevention  Study,  in 
Finnish  male  smokers  consuming  50  mg/day  of  all  rac- a-tocopherol 
for  6  years,  reported  a  significant  50  percent  increase  in  mortality 
from  hemorrhagic  stroke  (66  versus  44  strokes  in  the  supplemented 
versus  the  control  group)  (ATBC  Cancer  Prevention  Study  Group, 
i 994) .  An  increase  in  hemorrhagic  strokes  was  not  observed  in  an¬ 
other  study  that  was  designed  to  evaluate  neurological  function  in 
85  patients  with  Alzheimer’s  disease  consuming  2,000  IU/day  of 
supplemental  all  rar-a-tocopherol  for  2  years  (Sano  et  al.,  1997). 
The  number  of  subjects  in  this  trial  or  the  length  of  the  trial  may 
have  been  insufficient  to  detect  an  effect.  The  unexpected  result  in 
the  ATBC  study  requires  confirmation  or  additional  refutation  from 
several  other  ongoing,  large-scale  trials  including  the  Women’s 
Health  Study,  the  Physicians’  Health  Study  II,  and  the  Women’s 
Antioxidant  Cardiovascular  Study.  If  most  of  the  evidence  that  de¬ 
velops  from  these  ongoing  randomized  trials  indicates  an  increased 
risk  of  hemorrhagic  stroke  from  a-tocopherol,  the  recommended 
UL  for  a-tocopherol  will  have  to  be  revised. 

Hemorrhagic  Toxicity— Animals.  a-Tocopherol  can  cause  hemor¬ 
rhage,  increase  prothrombin  time,  and  interrupt  blood  coagulation 
in  experimental  animals,  but  very  high  doses  are  required.  The  hem¬ 
orrhagic  toxicity  of  a-tocopherol  has  been  observed  in  chicks 
(March  et  al.,  1973)  and  rats  (Abdo  et  al.,  1986;  Mellette  and  Le¬ 
one,  1960;  Takahashi  et  al.,  1990;  Wheldon  et  al.,  1983;  Yang  and 
Desai,  1977).  However,  in  both  species,  high  doses  of  500  mg/kg/ 
day  or  more  of  tfftfra-tocopheryl  acetate  were  necessary  to  induce 
the  effects.  Also,  the  hemorrhagic  effects  could  be  reversed  by  the 
administration  of  supplemental  vitamin  K  (Abdo  et  al.,  1986;  March 
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et  al.,  1973;  Wheldon  et  al.,  1983).  Presumably,  these  hemorrhagic 
effects  seen  in  experimental  animals  are  relevant  to  humans,  be¬ 
cause  similar  abnormal  blood  coagulation  has  been  observed  in  a 
patient  receiving  chronic  warfarin  therapy,  which  would  interfere 
with  vitamin  K  status  (Corrigan  and  Marcus,  1974). 

Platelet  Effects.  Evidence  suggests  that  a-tocopherol  inhibits  plate¬ 
let  aggregation  and  adhesion  in  vitro  (Calzada  et  al.,  1997;  Freed¬ 
man  et  al.,  1996;  Higashi  and  Kikuchi,  1974;  Steiner  and  Anastasi, 
1976).  However,  it  is  not  clear  that  these  effects  on  platelet  function 
are  deleterious  in  normal  healthy  individuals  at  any  dose.  Oral  ad¬ 
ministration  of  up  to  600  mg/ day  of  a-tocopherol  up  to  three  years 
did  not  result  in  any  adverse  blood  coagulation  effects  in  apparently 
healthy  volunteers  (Farrell  and  Bieri,  1975;  Kitagawa  and  Mino, 
1989).  However,  special  consideration  should  be  given  to  individu¬ 
als  who  are  deficient  in  vitamin  K  or  who  are  on  anticoagulant 
therapy.  Administration  of  high  doses  of  a-tocopherol  may  exacer¬ 
bate  the  coagulation  defects  in  these  individuals  (Corrigan  and  Mar¬ 
cus,  1974). 

Other  Adverse  Effects  in  Humans.  Uncontrolled  studies  have  re¬ 
ported  various  other  adverse  effects  associated  with  excess  intake 
of  a-tocopherol.  These  include  fatigue,  emotional  disturbances, 
thrombophlebitis,  breast  soreness,  creatinuria,  altered  serum  lipid 
and  lipoprotein  levels,  gastrointestinal  disturbances,  and  thyroid 
effects  (Anderson  and  Reid,  1974;  Bendich  and  Machlin,  1988; 
Machlin,  1989;  Tsai  et  al.,  1978).  However,  none  of  these  reported 
effects  have  been  consistently  observed  or  shown  in  controlled  tri¬ 
als.  Although  side  effects  have  been  reported  with  extended  in¬ 
takes  of  1,100  to  2,100  mg/ day  of  RRR- a-tocopherol  (Kappus  and 
Diplock,  1992),  these  effects  are  not  severe  and  subside  rapidly  upon 
reducing  the  dosage  or  discontinuing  the  administration  of  a- 
tocopherol.  The  lack  of  systematic  observations  of  such  effects  in 
controlled  clinical  trails  prevents  any  judgments  regarding  the  risk 
of  such  effects  in  the  normal  healthy  human  population. 

Adverse  Effects  in  Premature  Infants.  In  addition  to  the  hemorrhag¬ 
ic  effects  described  previously,  an  increased  incidence  of  necrotiz¬ 
ing  enterocolitis  (NEC)  was  observed  in  premature  infants  with 
birth  weights  of  1.5  kg  or  less  who  were  given  200  mg/ day  of  a- 
tocopheryl  acetate  (Finer  et  al.,  1984).  Johnson  et  al.  (1985)  also 
demonstrated  an  association  between  high  serum  vitamin  E  con¬ 
centrations  and  increased  incidence  of  sepsis  and  late-onset  NEC  in 
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infants  of  less  than  1.5-kg  birth  weight  who  were  supplemented  with 
oc-tocopheryl  acetate. 

The  incidence  of  intracranial  hemorrhage  in  premature  infants 
receiving  supplemental  intravenous  or  oral  a-tocopheryl  acetate  has 
been  reported  as  increased  (Phelps  et  al.,  1987),  unchanged  (Speer 
et  ah,  1984),  or  decreased  (Speer  et  ah,  1984)  depending  on  the 
severity  of  the  hemorrhage.  It  may  well  be  that  the  small  premature 
infant  is  particularly  vulnerable  to  the  toxic  effects  of  vitamin  E  and 
that  intravenous  vitamin  E  is  more  toxic  than  the  oral  preparation. 

Other  Adverse  Effects  Seen  in  Animals.  Many  other  adverse  effects 
have  been  noted  in  various  animal  studies.  For  example,  Abdo  et  ah 
(1986)  observed  lung  lesions  (chronic  interstitial  inflammation  and 
adenomatous  hyperplasia)  in  Fischer  344  rats  in  all  treatment 
groups  receiving  a-tocopheryl  acetate  by  gavage  at  doses  as  low  as 
125  mg/kg/day  for  13  weeks.  It  is  possible  that  the  lung  lesions  may 
be  the  result  of  infusions  into  the  lung  from  the  gavage,  rather  than 
a  vitamin  E  effect.  However,  this  toxic  effect  was  considered  less 
relevant  than  the  hemorrhagic  effects  seen  because  similar  effects 
in  the  lung  have  not  been  noted  in  human  trials  or  other  animal 
studies. 

Summary 

Based  on  considerations  of  causality,  relevance,  and  the  quality 
and  completeness  of  the  database,  hemorrhagic  effects  were  select¬ 
ed  as  the  critical  endpoint  on  which  to  base  the  UL  for  vitamin  E 
for  adults.  There  is  some  evidence  of  an  increased  incidence  of 
hemorrhagic  effects  in  premature  infants  receiving  supplemental  a- 
tocopherol.  However,  the  human  data  fail  to  demonstrate  consis¬ 
tently  a  causal  association  between  excess  a-tocopherol  intake  in 
normal,  apparently  healthy  individuals  and  any  adverse  health  out¬ 
come.  The  unexpected  finding  of  an  increase  in  hemorrhagic  stroke 
in  the  ATBC  study  was  considered  preliminary  and  provocative,  but 
not  convincing  until  it  can  be  corroborated  or  refuted  in  further 
large-scale  clinical  trials.  The  human  data  demonstrating  the  safety 
of  supplemental  a-tocopherol  have  been  accumulated  primarily  in 
small  groups  of  individuals  receiving  supplemental  doses  of  3,200 
mg/day  of  a-tocopherol  or  less  (usually  less  than  2,000  mg/ day)  for 
relatively  short  periods  of  time  (weeks  to  a  few  months).  Thus,  some 
caution  must  be  exercised  in  judgments  regarding  the  safety  of  sup¬ 
plemental  doses  of  a-tocopherol  over  multiyear  periods. 

The  hemorrhagic  effects  seen  in  experimental  animals  are  en- 
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countered  only  with  very  high  doses  of  a-tocopherol  and  can  be 
corrected  by  administration  of  supplemental  vitamin  K.  Similarly,  it 
appears  that  in  vitamin  K-deficient  humans  these  effects  could  occur 
if  sufficiently  high  doses  were  obtained  to  overwhelm  the  protective 
effects  of  vitamin  K.  However,  there  is  no  direct  evidence  regarding 
the  doses  that  might  put  normal  apparently  healthy  humans  at  risk 
for  such  effects;  these  data  show  that  individuals  who  are  deficient  in 
vitamin  K  are  at  increased  risk  of  coagulation  defects. 

Adults 

Data  Selection.  In  the  absence  of  human  data  pertaining  to  dose- 
response  relationships,  the  data  sets  used  to  identify  a  no-observed- 
adverse-effect  level  (NOAEL)  for  a-tocopherol  include  studies  show¬ 
ing  hemorrhagic  toxicity  in  rats  (Abdo  et  al.,  1986;  Takahashi  et  ah, 
1990;  Wheldon  et  ah,  1983) . 

Dose-Response  Assessment 

Identification  of  NOAEL  and  Lowest-Observed-Adverse-Effect  Level 
(LOAEL).  A  LOAEL  of  500  mg/kg  body  weight/ day  can  be  identi¬ 
fied  based  on  a  critical  evaluation  by  Wheldon  et  ah  (1983).  They 
fed  all  rac-a-tocopheryl  acetate  to  Charles  River  CD  strain  rats  at 
levels  of  500, 1,000,  or  2,000  mg/kg  body  weight/day  for  104  weeks. 
Hemorrhages  from  the  gut,  the  urinary  tract,  the  orbit  and  mening¬ 
es,  and  the  claws  were  observed  in  male  rats  only  by  week  15  in  the 
highest-dose  group,  by  week  16  in  the  intermediate-dose  group,  and 
by  week  18  in  the  low-dose  group.  Prothrombin  times  were  pro¬ 
longed  in  males  of  all  three  treatment  groups  by  week  4.  However, 
additional  vitamin  K  supplementation  of  the  diets  was  initiated  at 
week  24  and  prothrombin  times  returned  to  normal  by  week  26. 
Although  this  was  a  chronic,  104-week  study,  the  correction  of  vita¬ 
min  K  levels  in  the  diet  at  week  24  means  that  the  combined  vita¬ 
min  E-vitamin  K  effect  was  evaluated  only  on  a  subchronic  basis. 

Takahashi  et  ah  (1990)  supplemented  the  diets  of  male  Sprague- 
Dawley  rats  with  600  or  1,000  mg/kg  body  weight/day  RRR-a- 
tocopheryl  acetate  for  7  days.  Despite  the  short  duration  of  the 
feeding  trial,  a  dose-dependent  increase  in  prothrombin  time  and 
partial  thromboplastin  time  was  noted  in  rats  receiving  600  and 
1,000  mg/kg/ day.  The  number  of  animals  with  hemorrhages  was 
similar  in  both  dose  groups.  No  supplementation  of  vitamin  K  was 
attempted  in  this  experiment.  This  study  would  yield  a  LOAEL  of 
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600  mg/kg/day  but  is  compromised  by  its  short  duration  and  by 
the  fact  that  lower  doses  were  not  utilized. 

Abdo  et  al.  (1986)  conducted  a  13-week  study  administering  RRR- 
a-tocopheryl  acetate  in  corn  oil  by  gavage  to  Fischer  344  rats  at 
doses  of  125,  500,  and  2,000  mg/kg  body  weight/day.  In  males, 
high  levels  of  fffi/2-oc-tocopheryl  acetate  (2,000  mg/kg/day)  caused 
prolongation  of  both  prothrombin  time  and  activated  partial  throm¬ 
boplastin  time  (APTT),  reticulocytosis,  and  a  decrease  in  hemat¬ 
ocrit  values  and  hemoglobin  concentrations.  APTT  was  also  length¬ 
ened  in  females  at  this  dose  level.  Hemorrhagic  diathesis  was 
observed  in  both  males  and  females  at  the  highest  dosage  level 
(2,000  mg/kg/day).  However,  no  adverse  hemorrhagic  effects,  oth¬ 
er  than  a  minimal  increase  in  activated  partial  thromboplastin  time, 
were  observed  at  a  dose  of  500  mg/kg/day. 

While  some  differences  were  encountered  among  the  results  of 
these  three  key  studies,  they  could  be  attributed  to  the  dosage  ap¬ 
proach  (gavage  versus  diet),  the  time  period  of  dosing,  the  strain  of 
rats,  and  possibly  the  level  of  vitamin  K  supplementation.  The  data 
of  Wheldon  et  al.  (1983)  demonstrate  that  the  hazard  posed  by 
excessive  dietary  intake  of  all  rac-a-tocopheryl  acetate  can  be  over¬ 
come  by  administration  of  additional  vitamin  K.  The  Wheldon  et  al. 
(1983)  study  is  considered  the  most  definitive  estimate  because  of 
the  long  exposure  period  of  the  dosage  via  diet.  The  LOAEL  in  this 
study  was  500  mg/kg/day,  the  lowest  dose  tested.  Thus,  a  precise 
NOAEL  cannot  be  determined  from  the  experiment.  However,  this 
LOAEL  is  consistent  with  the  results  of  the  shorter-term  feeding 
study  of  Takahashi  et  al.  (1990)  with  a  LOAEL  at  600  mg/kg/day, 
the  lowest  dose  tested,  and  the  gavage  study  of  Abdo  et  al.  (1986) 
with  no  adverse  hemorrhagic  effects  at  125  mg/kg/day  and  only  a 
minimal  increase  in  activated  partial  thromboplastin  time  at  500 
mg/kg/day  of  .Rftft-a-tocopherol  acetate. 

Uncertainty  Assessment.  When  determining  an  uncertainty  factor 
(UF)  for  a-tocopherol,  several  sources  of  uncertainty  were  consid¬ 
ered  and  combined  into  the  final  UF  (Table  6-6).  A  UF  of  2  was 
used  to  extrapolate  the  LOAEL  to  a  NOAEL.  The  severity  of  hemor¬ 
rhagic  effects  justifies  a  UF  greater  than  1;  however,  the  results  of 
Abdo  et  al.  (1986)  showing  no  adverse  effects  at  125  mg/kg/day  for 
hemorrhagic  effects  justify  a  UF  of  2  to  extrapolate  from  the  LOA¬ 
EL  of  500  mg/kg  body  weight/day  to  the  NOAEL  of  250  mg/kg 
body  weight/day.  A  UF  of  2  was  selected  to  extrapolate  from  sub¬ 
chronic  to  chronic  intake,  and  a  UF  of  3  was  selected  to  extrapolate 
from  experimental  animals  to  humans  because  of  data  showing 
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TABLE  6-6  Sources  of  Uncertainty  Used  to 
Determine  UL  for  Vitamin  E 


UF 


LOAEL  to  NOAEL  2 

Subchronic  to  chronic  intake  2 

Experimental  animal  to  human  3 

Interindividual  variation  in  sensitivity  3 

Final  UF  =  2  x  2  x  3  x  3  =  36 


some  similarities  between  the  animal  and  human  responses.  Anoth¬ 
er  UF  of  3  was  selected  to  account  for  interindividual  variation  in 
sensitivity.  This  value  was  deemed  appropriate  based  on  pharmaco¬ 
kinetic  data  showing  plasma  saturation  of  a-tocopherol  concentra¬ 
tions  with  increasingly  higher  intakes  in  humans  (Dimitrov  et  al., 
1991,  1996;  Jialal  et  al.,  1995;  Losowsky  et  al.,  1972;  Meydani  et  al., 
1998;  Princen  et  al.,  1995).  The  various  UFs  are  combined  to  yield 
an  overall  UF  of  36  to  extrapolate  from  the  LOAEL  in  animals  to 
derive  a  UL  for  humans. 


Derivation  of  a  UL.  The  LOAEL  of  500  mg/kg/ day  was  divided 
by  the  overall  UF  of  36  to  obtain  a  UL  value  of  14  mg/kg/day  for 
adult  humans.  The  value  of  14  mg/kg/day  was  multiplied  by  the 
average  of  the  reference  body  weights  for  male  and  female  adults, 
68.5  kg,  from  Chapter  1  (Table  1-1).  The  resulting  UL  for  adults  is 
959  mg/day  (which  was  rounded  to  1,000  mg/day): 

LOAEL  __  500  mg  /  kg  /  day 


=  14  /  mg  /  kg  /  day  x  68.5  kg  ~  1,000  mg  /  day. 

Although  adult  males  and  females  have  different  reference  body 
weights,  the  uncertainties  in  the  estimation  of  the  UL  were  consid¬ 
erable,  and  distinction  of  separate  ULs  for  male  and  female  adults 
was  therefore  not  attempted.  This  UL  is  consistent  with  the  review 
by  Kappus  and  Diplock  (1992)  that  in  humans,  side  effects  occurred 
at  doses  of  1,100  to  2,100  mg  (2,559  to  4,885  pmol)/day  of  RJRR-a- 
tocopherol.  At  high  doses  all  of  the  stereoisomers  of  a-tocopherol 
are  considered  equivalent  given  that  all  forms  of  vitamin  E  are  ab¬ 
sorbed  (Kiyose  et  al.,  1997;  Meydani  et  al.,  1989;  Traber  and  Kay- 
den,  1989a;  Traber  et  al.,  1992,  1994a).  Thus,  the  UL  applies  to  all 
eight  stereoisomers  of  a-tocopherol. 
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Vitamin  E  UL  Summary ,  Ages  1 9  Years  and  Older 

UL  for  Adults 

19  years  and  older  1,000  mg  (2,326  pmol)/day  of  any 

form  of  supplementary  a-tocopherol 

Other  Life  Stage  Groups 

Infants.  For  infants,  the  UL  was  judged  not  determinable  be¬ 
cause  of  insufficient  data  on  adverse  effects  in  this  age  group  and 
concern  about  the  infant’s  ability  to  handle  excess  amounts.  To 
prevent  high  levels  of  intake,  the  only  source  of  intake  for  infants 
should  be  from  food  and  formula. 


Children  and  Adolescents.  There  are  no  reports  of  vitamin  E  toxic¬ 
ity  in  children  and  adolescents.  Given  the  dearth  of  information, 
the  UL  values  for  children  and  adolescents  are  extrapolated  from 
those  established  for  adults.  Thus,  the  adult  UL  of  1,000  mg  (2,326 
pmol)/day  of  a-tocopheryl  was  adjusted  for  children  and  adoles¬ 
cents  on  the  basis  of  relative  body  weight  as  described  in  Chapter  4 
using  reference  weights  from  Chapter  1  (Table  1-1).  Values  have 
been  rounded. 


Pregnancy  and  Lactation .  There  are  no  reports  of  vitamin  E  toxic¬ 
ity  in  pregnant  or  lactating  women.  One  woman  consumed  27  mg/ 
day  of  a-tocopherol  from  the  diet  and  1,455  mg/day  from  supple¬ 
ments  (Anderson  and  Pittard,  1985).  Her  milk  a-tocopherol  con¬ 
centrations  were  more  than  three  times  normal,  which  might  in 
theory  be  dangerous  for  the  infant,  but  the  mother  had  no  adverse 
effects.  Given  the  dearth  of  information,  it  is  recommended  that 
the  UL  for  pregnant  and  lactating  females  be  the  same  as  that  for 
the  nonpregnant  and  nonlactating  female. 


Vitamin  E  UL  Summary,  Ages  1  through  18  Years,  Pregnancy,  Lactation 


UL  for  Infants 
0-12  months 


UL  for  Children 
1-3  years 

4-8  years 

9-13  years 


Not  possible  to  establish;  source  of  intake 
should  be  from  food  and  formula  only 

200  mg  (465  pmol)/day  of  any  form  of 

supplementary  a-tocopherol 

300  mg  (698  pmol)/day  of  any  form  of 

supplementary  a-tocopherol 

600  mg  (1,395  pmol)/day  of  any  form  of 

supplementary  a-tocopherol 
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UL  for  Adolescents 
14-18  years 

UL  for  Pregnancy 
14-18  years 

19  years  and  older 

UL  for  Lactation 
14-18  years 

19  years  and  older 


800  mg  (1,860  pmol)/day  of  any  form  of 
supplementary  a-tocopherol 

800  mg  (1,860  pmol)/day  of  any  form  of 
supplementary  a-tocopherol 
1,000  mg  (2,326  pmol)/day  of  any  form  of 
supplementary  a-tocopherol 

800  mg  (1,860  pmol)/day  of  any  form  of 
supplementary  a-tocopherol 
1,000  mg  (2,326  yunol)/day  of  any  form  of 
supplementary  a-tocopherol 


Special  Considerations 

Vitamin  K  Deficiency  or  Anticoagulant  Therapy.  The  UL  derived 
above  pertains  to  individuals  in  the  general  population  with  ade¬ 
quate  vitamin  K  intake.  Individuals  who  are  deficient  in  vitamin  K 
or  who  are  on  anticoagulant  therapy  are  at  increased  risk  of  coagu¬ 
lation  defects.  Patients  on  anticoagulant  therapy  should  be  moni¬ 
tored  when  taking  vitamin  E  supplements  as  described  by  Kim  and 
White  (1996). 

Premature  Infants.  As  discussed  above,  the  small  premature  in¬ 
fant  is  particularly  vulnerable  to  the  toxic  effects  of  a-tocopherol. 
For  premature  infants,  the  UL  of  14  mg/kg/day  for  adults  would  be 
equivalent  to  a  UL  of  21  mg/day  for  infants  with  birth  weights  of 
1.5  kg.  This  UL  seems  prudent  and  appropriately  conservative  based 
on  the  observation  by  Phelps  et  al.  (1987).  Furthermore,  the  Amer¬ 
ican  Academy  of  Pediatrics  states  that  “pharmacologic  doses  of  vita¬ 
min  E  for  the  prevention  or  treatment  of  retinopathy  of  prematuri¬ 
ty,  bronchopulmonary  dysplasia,  and  intraventricular  hemorrhage 
are  not  recommended”  (AAP,  1998).  While  it  is  recognized  that 
hemolytic  anemia  due  to  vitamin  E  deficiency  is  frequently  of  con¬ 
cern  in  premature  infants,  its  management  via  vitamin  E  supple¬ 
mentation  must  be  carefully  controlled. 

Intake  Assessment 

Based  on  distribution  data  from  the  1988  to  1994  Third  National 
Health  and  Nutrition  Examination  Survey  (NHANES  III)  (Appen¬ 
dix  Table  C-5),  the  highest  mean  reported  intake  of  vitamin  E  from 
food  and  supplements  for  all  life  stage  and  gender  groups  was 
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around  45  mg  (104.7  pmol)/day  of  a-tocopherol  equivalents.  This 
was  the  mean  intake  reported  by  women  51  through  70  years  of  age. 
However,  the  intake  distribution  from  food  and  supplements  is  ex¬ 
tremely  skewed  because  the  median  intake  of  these  women  was 
about  9  mg  (20.9  pmol)/day  in  comparison  with  a  mean  intake  of 
45  mg  (104.7  pmol)/day.  This  group  also  had  the  highest  reported 
intake  at  the  ninety-ninth  percentile  of  508  mg  (1,181  pmol)/day  of 
a-tocopherol  equivalents,  which  is  well  below  the  UL  of  1 ,000  mg/ 
day  of  any  form  of  a-tocopherol.  Vitamin  E  supplement  use  is  high 
in  the  U.S.  population  (Hartz  et  al.,  1988;  Slesinski  et  al.,  1996).  In 
the  1986  National  Health  Interview  Survey,  supplements  containing 
vitamin  E  were  used  by  37  percent  of  young  children,  23  percent  of 
men,  and  29  percent  of  all  women  in  the  United  States  (Moss  et  al., 
1989). 


Risk  Characterization 

The  risk  of  adverse  effects  resulting  from  excess  intake  of  a- 
tocopherol  from  food  and  supplements  appears  to  be  very  low  at  the 
highest  intakes  noted  above.  Although  members  of  the  general  pop¬ 
ulation  should  be  advised  not  to  exceed  the  UL  routinely,  intakes 
above  the  UL  for  vitamin  E  may  be  appropriate  for  investigation 
within  well-controlled  clinical  trials.  In  light  of  evaluating  possible 
benefits  to  health,  clinical  trials  of  doses  of  a-tocopherol  above  the 
UL  should  not  be  discouraged,  as  long  as  subjects  participating  in 
these  trials  have  signed  informed  consent  documents  regarding  pos¬ 
sible  toxicity  and  as  long  as  these  trials  employ  appropriate  safety 
monitoring  of  trial  subjects.  Also,  the  UL  is  not  meant  to  apply  to 
individuals  who  are  receiving  vitamin  E  under  medical  supervision. 


RESEARCH  RECOMMENDATIONS  FOR  VITAMIN  E 

•  Biomarkers  are  needed  for  use  in  assessment  of  vitamin  E 
intake  and  vitamin  E  status.  What  are  the  determinants  of  plasma 
concentrations  of  a-tocopherol,  and  are  these  concentrations  regu¬ 
lated?  Are  plasma  a-tocopherol  concentrations  the  best  parameter 
for  assessing  adequate  plasma  vitamin  E  status  in  apparently  healthy 
individuals?  Does  an  a-tocopherol/lipid  (e.g.,  total  lipid,  triglycer¬ 
ide,  or  cholesterol)  ratio  better  reflect  optimal  plasma  vitamin  E 
status? 

•  Since  the  Recommended  Dietary  Allowances  (RDAs)  for  chil¬ 
dren  ages  1  through  18  years  are  extrapolated  from  the  adult  RDAs, 
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it  is  critically  important  to  conduct  large-scale  studies  with  children 
using  state-of-the-art  biomarkers  to  assess  their  vitamin  E  requirements. 

•  Valid  estimates  are  needed  of  vitamin  E  intakes.  These  esti¬ 
mates  require  identification  of  the  specific  fats  and  oils  consumed, 
in  addition  to  careful  tabulation  of  all  of  the  foods  consumed,  be¬ 
cause  the  vitamin  E  content  of  various  fats  and  oils  differs  widely 
and  because  vitamin  E  is  widely  distributed  in  many  foods.  Most 
individual  foodstuffs  consumed  account  for  less  than  1  percent  of 
the  daily  intake  of  a-tocopherol.  Calories  are  frequently  underre¬ 
ported,  as  is  dietary  fat,  and  the  form  and  quantity  of  fat  consumed 
are  unknown.  Better  methods  for  estimating  vitamin  E  intakes  are 
needed. 

•  Information  on  the  relationship  between  oxidative  stress  and 
vitamin  E  status  is  needed.  Some  information  is  available  about  the 
dosage  of  vitamin  E  needed  to  achieve  plasma  levels  that  protect 
circulating  low-density  lipoprotein  (LDL)  from  ex  vivo  oxidation. 
However,  there  are  scant  data  on  tissue  levels  of  vitamin  E  at  differ¬ 
ent  levels  of  intake.  Do  the  large  doses  that  confer  protection  of 
circulating  LDL  also  confer  protection  within  tissues  against  lipid 
peroxidation  or  other  manifestations  of  reactive  oxygen  species  gen¬ 
eration?  Are  there  markers  of  oxidative  stress  that  can  be  related  to 
vitamin  E  status? 

•  Vitamin  E  kinetics  and  metabolism  are  promising  areas  of 
research.  Can  estimates  of  a-tocopherol  requirements  be  made  us¬ 
ing  stable  isotopes?  Are  balance  studies  feasible  that  measure  intake 
and  output  of  stable  isotope-labeled  vitamin  E?  What  is  the  turn¬ 
over  of  a-tocopherol  in  various  human  tissues?  In  which  tissues  is  it 
degraded  and  how  rapidly?  What  are  the  major  metabolic  interme¬ 
diates  during  degradation,  and  do  they  have  biological  function? 

•  Determination  of  the  effects  of  vitamin  E  intake  on  the  pre¬ 
vention  of  chronic  disease  is  needed.  There  is  a  great  deal  of  sug¬ 
gestive  or  indirect  evidence  that  vitamin  E  intakes  above  those  that 
can  reasonably  be  obtained  from  foods  may  confer  health  benefits. 
Before  clinical  intervention  trials  can  be  interpreted  properly,  more 
knowledge  about  the  relationship  of  vitamin  E  dosage  to  level  of 
protection,  or  level  of  protection  to  plasma  cholesterol  or  lipopro¬ 
tein  levels,  is  needed.  Additional  clinical  trials  to  test  directly  wheth¬ 
er  or  not  supplementation  with  vitamin  E  can  reduce  the  risk  of 
coronary  heart  disease  are  needed.  A  number  of  trials  already  in 
progress  are  evaluating  vitamin  E  effects  in  well  over  100,000  indi¬ 
viduals.  However,  whether  the  results  are  positive  or  negative,  addi¬ 
tional  studies  will  be  needed.  For  example,  if  the  results  are  nega¬ 
tive,  the  question  will  arise  of  whether  treatment  was  instituted  early 
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enough  and  whether  even  longer  trials  starting  at  an  earlier  age  are 
necessary  to  test  the  hypothesis  properly.  If  the  results  are  positive, 
the  issue  of  dosage  will  arise.  Most  of  these  studies  are  supplement¬ 
ing  with  more  than  200  mg/day  of  a-tocopherol,  but  this  may  be 
unnecessarily  high.  Again,  if  the  results  are  positive,  indicating  that 
vitamin  E  does  indeed  offer  protection,  it  will  be  important  to  de¬ 
termine  if  combinations  of  antioxidants  in  various  dosages  can  fur¬ 
ther  increase  the  beneficial  effect.  Possible  interactions  between 
cholesterol-lowering  and  antioxidant  treatments  should  be  studied 
to  find  the  best  algorithm  for  preventive  management. 

•  More  information  is  needed  on  the  mechanisms  of  vitamin  E 
function.  It  is  unknown  whether  vitamin  E  functions  solely  as  a  rela¬ 
tively  nonspecific  antioxidant  compound  or  whether  it  has  some 
very  specific  modes  of  action,  for  which  the  precise  structure  of  a- 
tocopherol  is  required.  The  mechanisms  for  regulation  of  tissue  a- 
tocopherol  are  unknown.  In  fact,  it  is  not  known  whether  they  are 
regulated  at  all.  The  relatively  uniform  concentrations  in  tissues 
from  different  individuals  suggest  that  there  may  be  regulation,  but 
this  may  reflect  differences  in  fat  concentration.  Additionally,  the 
existence  of  a-tocopherol  binding  proteins  in  tissues  other  than  the 
liver  is  being  investigated.  Do  differences  in  depletion  rates  among 
various  tissues  reflect  the  functions  of  other  tissue  a-tocopherol 
binding  proteins? 

•  More  information  is  needed  on  the  other  forms  of  vitamin  E. 
What  is  the  biological  potency  of  forms  of  vitamin  E  other  than  a- 
tocopherol  in  humans?  Does  y-tocopherol  have  a  role  in  humans? 
Does  it  function  to  act  as  a  nitric  oxide  scavenger?  What  is  the 
metabolic  fate  of  y-tocopherol  in  humans? 
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Selenium 


SUMMARY 

Selenium  functions  through  selenoproteins,  several  of  which  are 
oxidant  defense  enzymes.  The  Recommended  Dietary  Allowance 
(RDA)  for  selenium  is  based  on  the  amount  needed  to  maximize 
synthesis  of  the  selenoprotein  glutathione  peroxidase,  as  assessed 
by  the  plateau  in  the  activity  of  the  plasma  isoform  of  this  enzyme. 
The  RDA  for  both  men  and  women  is  55  pg  (0.7  pmol)/day.  The 
major  forms  of  selenium  in  the  diet  are  highly  bioavailable.  Sele¬ 
nium  intake  varies  according  to  geographic  location,  but  there  is 
no  indication  of  average  intakes  below  the  RDA  in  the  United 
States  or  Canada.  A  study  done  in  Maryland  reported  that  adults 
consumed  an  average  of  81  pg  (1.0  pmol)/day  of  selenium  (Welsh 
et  al.,  1981).  A  Canadian  survey  reported  selenium  intakes  of  113 
to  220  pg  (1.4  to  2.8  pmol)/day  (Thompson  et  al.,  1975).  The 
Tolerable  Upper  Intake  Level  (UL)  for  adults  is  set  at  400  pg  (5.1 
pmol) /day  based  on  selenosis  as  the  adverse  effect. 


BACKGROUND  INFORMATION 

Most  selenium  in  animal  tissues  is  present  as  selenomethionine  or 
selenocysteine.  Selenomethionine,  which  cannot  be  synthesized  by 
humans  and  is  initially  synthesized  in  plants,  is  incorporated  ran¬ 
domly  in  place  of  methionine  in  a  variety  of  proteins  obtained  from 
plant  and  animal  sources.  Selenium  is  present  in  varying  amounts 
in  these  proteins,  which  are  called  selenium-containing  proteins. 
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Selenomethionine  is  not  known  to  have  a  physiological  function 
separate  from  that  of  methionine. 

Selenocysteine  is  present  in  animal  selenoproteins  that  have  been 
characterized  (see  below)  and  is  the  form  of  selenium  that  accounts 
for  the  biological  activity  of  the  element.  In  contrast  to  selenome¬ 
thionine,  there  is  no  evidence  that  selenocysteine  substitutes  for 
cysteine  in  humans. 


Function 

Selenium  functions  largely  through  an  association  with  proteins, 
known  as  selenoproteins  (Stadtman,  1991),  and  disruption  of  their 
synthesis  is  lethal  for  embryos  (Bosl  et  al.,  1997).  A  selenoprotein  is 
a  protein  that  contains  selenium  in  stoichiometric  amounts.  Four¬ 
teen  selenoproteins  have  been  characterized  to  date  in  animals. 
The  four  known  selenium-dependent  glutathione  peroxidases  des¬ 
ignated  as  GSHPx  1  through  4  defend  against  oxidative  stress  (Flo- 
he,  1988).  Selenoproteins  P  and  W  are  postulated  to  do  so  as  well 
(Arteel  et  ah,  1998;  Burk  et  al.,  1995;  Saito  et  al.,  1999;  Sun  et  ah, 
1999).  Three  selenium-dependent  iodothyronine  deiodinases  regu¬ 
late  thyroid  hormone  metabolism  (Berry  and  Larsen,  1992).  Three 
thioredoxin  reductases  have  been  identified  (Sun  et  ah,  1999). 
Their  functions  include  reduction  of  intramolecular  disulfide  bonds 
and  regeneration  of  ascorbic  acid  from  its  oxidized  metabolites 
(May  et  ah,  1998).  The  selenium-dependent  isoform  of  selenophos- 
phate  synthetase  participates  in  selenium  metabolism  (Guimaraes 
et  ah,  1996).  Other  selenoproteins  have  not  yet  been  characterized 
to  the  same  extent  with  respect  to  function  (Behne  et  ah,  1997). 
Thus,  the  known  biological  functions  of  selenium  include  defense 
against  oxidative  stress,  regulation  of  thyroid  hormone  action,  and 
regulation  of  the  redox  status  of  vitamin  C  and  other  molecules. 

Physiology  of  Absorption,  Metabolism,  and  Excretion 
Absorption 

Absorption  of  selenium  is  efficient  and  is  not  regulated.  More 
than  90  percent  of  selenomethionine,  the  major  dietary  form  of  the 
element,  is  absorbed  by  the  same  mechanism  as  methionine  itself 
(Swanson  et  ah,  1991).  Although  little  is  known  about  selenocys¬ 
teine  absorption,  it  appears  to  be  absorbed  very  well  also. 

An  inorganic  form  of  selenium,  selenate  (Se042-),  is  absorbed 
almost  completely,  but  a  significant  fraction  of  it  is  lost  in  the  urine 
before  it  can  be  incorporated  into  tissues.  Another  inorganic  form 
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of  selenium,  selenite  (Se032“),  has  a  more  variable  absorption,  prob¬ 
ably  related  to  interactions  with  substances  in  the  gut  lumen,  but  it 
is  better  retained,  once  absorbed,  than  is  selenate  (Thomson  and 
Robinson,  1986) .  Absorption  of  selenite  is  generally  greater  than  50 
percent  (Thomson  and  Robinson,  1986).  Although  selenate  and 
selenite  are  not  major  dietary  constituents,  they  are  commonly  used 
to  fortify  foods  and  as  selenium  supplements. 

Body  Stores 

Two  pools  of  reserve  selenium  are  present  in  humans  and  ani¬ 
mals.  One  of  them,  the  selenium  present  as  selenomethionine, 
depends  on  dietary  intake  of  selenium  as  selenomethionine 
(Waschulewski  and  Sunde,  1988).  The  amount  of  selenium  made 
available  to  the  organism  from  this  pool  is  a  function  of  turnover 
of  the  methionine  pool  and  not  the  organism’s  need  for  selenium. 

The  second  reserve  pool  of  selenium  is  the  selenium  present  in 
liver  glutathione  peroxidase  (GSHPx-1).  In  rats,  25  percent  of  total 
body  selenium  is  present  in  this  pool  (Behne  and  Wolters,  198S).  As 
dietary  selenium  becomes  limiting  for  selenoprotein  synthesis,  this 
pool  is  downregulated  by  a  reduction  of  GSHPx-1  messenger  ribo¬ 
nucleic  acid  (RNA)  concentration  (Sunde,  1994).  This  makes  sele¬ 
nium  available  for  synthesis  of  other  selenoproteins. 

Metabolism 

Selenomethionine,  derived  mainly  from  plants,  enters  the  me¬ 
thionine  pool  in  the  body  and  shares  the  fate  of  methionine  until 
catabolized  by  the  transsulfuration  pathway.  The  resulting  free  sele- 
nocysteine  is  further  broken  down  with  liberation  of  a  reduced  form 
of  the  element,  which  is  designated  selenide  (Esaki  et  al.,  1982). 
Ingested  selenite,  selenate,  and  selenocysteine  are  all  apparently 
metabolized  directly  to  selenide.  This  selenide  may  be  associated 
with  a  protein  that  serves  as  a  chaperone  (Lacourciere  and  Stadt- 
man,  1998).  The  selenide  can  be  metabolized  to  selenophosphate, 
the  precursor  of  selenocysteine  in  selenoproteins  (Ehrenreich  et 
al.,  1992)  and  of  selenium  in  transfer  RNA  (Veres  et  al.,  1992),  or  it 
can  be  converted  to  excretory  metabolites  (Mozier  et  al.,  1988), 
some  of  which  have  been  characterized  as  methylated  forms. 

Excretion 

The  mechanism  that  regulates  production  of  excretory  metabo¬ 
lites  has  not  been  elucidated,  but  excretion  has  been  shown  to  be 
responsible  for  maintaining  selenium  homeostasis  in  the  animal 
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(Burk  et  al.,  1972).  The  excretory  metabolites  appear  in  the  urine 
primarily,  but  when  large  amounts  of  selenium  are  being  excreted, 
the  breath  also  contains  volatile  metabolites  (e.g.,  dimethylselenide) 
(McConnell  and  Portman,  1952). 

Clinical  Effects  of  Inadequate  Intake 

In  experimental  animals,  selenium  deficiency  decreases  selenoen- 
zyme  activities,  but  if  the  animals  are  otherwise  adequately  nour¬ 
ished,  it  causes  relatively  mild  clinical  symptoms.  However,  certain 
types  of  nutritional,  chemical,  and  infectious  stresses  lead  to  serious 
diseases  in  selenium-deficient  animals.  For  example,  induction  of 
vitamin  E  deficiency  in  selenium-deficient  animals  causes  lipid  per¬ 
oxidation  and  liver  necrosis  in  rats  and  pigs  and  cardiac  injury  in 
pigs,  sheep,  and  cattle  (Van  Meet,  1980).  Another  example  of  this 
phenomenon  is  the  conversion  of  a  nonpathogenic  strain  of  cox- 
sackie  B3  virus  to  a  pathogenic  one  that  causes  myocarditis  when  it 
infects  selenium-deficient  mice  (Beck  and  Levander,  1998). 

Keshan  disease,  a  cardiomyopathy  that  occurs  only  in  selenium- 
deficient  children,  appears  to  be  triggered  by  an  additional  stress, 
possibly  an  infection  or  a  chemical  exposure  (Ge  et  al.,  1983).  Clin¬ 
ical  thyroid  disorders  have  not  been  reported  in  selenium-deficient 
individuals  with  adequate  iodine  intake,  but  based  on  observations 
in  Africa,  it  has  been  postulated  that  infants  born  to  mothers  defi¬ 
cient  in  both  selenium  and  iodine  are  at  increased  risk  of  cretinism 
(Vanderpas  et  al.,  1992). 

Kashin-Beck  disease,  an  endemic  disease  of  cartilage  that  occurs 
in  preadolescence  or  adolescence,  has  been  reported  in  some  of 
the  low-selenium  areas  of  Asia  (Yang  et  al.,  1988).  It  is  possible  that 
this  disease,  like  Keshan  disease,  occurs  only  in  selenium-deficient 
people.  However,  there  has  been  no  demonstration  that  improve¬ 
ment  of  selenium  nutritional  status  can  prevent  Kashin-Beck  dis¬ 
ease,  so  involvement  of  selenium  deficiency  in  its  pathogenesis  re¬ 
mains  uncertain. 

These  considerations  indicate  that  selenium  deficiency  seldom 
causes  overt  illness  when  it  occurs  in  isolation.  However,  it  leads  to 
biochemical  changes  that  predispose  to  illness  associated  with  other 
stresses. 

SELECTION  OF  INDICATORS  FOR  ESTIMATING  THE 
REQUIREMENT  FOR  SELENIUM 

A  search  of  the  literature  revealed  several  indicators  that  could  be 
considered  as  the  basis  for  deriving  an  Estimated  Average  Require- 
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ment  (EAR)  for  selenium  in  adults.  These  included  prevention  of 
Keshan  disease  or  various  chronic  diseases;  concentration  of  seleni¬ 
um  in  blood,  hair,  and  nails;  concentration  of  selenoproteins  in 
blood;  and  urinary  excretion  of  the  element. 

Keshan  Disease 

Keshan  disease,  a  cardiomyopathy  that  occurs  almost  exclusively 
in  children,  is  the  only  human  disease  that  is  firmly  linked  to  seleni¬ 
um  deficiency  (Keshan  Disease  Research  Group,  1979).  In  addition 
to  a  low  selenium  intake,  low  blood  and  hair  selenium  concentra¬ 
tions  are  associated  with  Keshan  disease.  The  disease  occurs  with 
varying  frequency  in  areas  of  China  where  the  population  is  severe¬ 
ly  selenium  deficient  (Ge  et  al.,  1983).  Based  on  these  observations, 
the  occurrence  of  Keshan  disease  in  a  population  would  indicate 
that  the  population  is  selenium  deficient. 

Selenium  in  Hair  and  Nails 

Although  the  forms  of  selenium  in  hair  and  nails  have  not  been 
characterized,  some  correlations  between  dietary  intake  of  the  ele¬ 
ment  and  hair  and  nail  concentrations  of  selenium  have  been  dem¬ 
onstrated.  However,  the  use  of  hair  and  nail  selenium  as  markers  of 
selenium  status  has  been  limited  because  factors  such  as  the  form  of 
selenium  fed,  the  methionine  content  of  the  diet,  and  the  color  of 
the  hair  affect  the  deposition  of  selenium  in  these  tissues  (Salbe 
and  Levander,  1990).  In  addition,  some  shampoos  in  the  United 
States  and  Canada  contain  selenium.  Therefore,  only  well-con¬ 
trolled  studies  can  make  use  of  hair  and  nail  selenium  concentra¬ 
tions,  and  these  markers  are  of  little  value  in  determining  selenium 
requirements  across  population  groups. 

Selenium  in  Blood, 

Several  forms  of  selenium  are  present  in  blood  and  in  metaboliz¬ 
ing  tissues;  thus,  they  can  be  discussed  together.  Physiologically  ac¬ 
tive  forms  include  the  selenoproteins  and  some  as  yet  uncharacter¬ 
ized  forms  that  are  present  in  low  abundance.  These  forms  of 
selenium  are  under  physiological  regulation.  Within  a  specific  range 
of  dietary  selenium  intakes,  selenoprotein  concentrations  are  a  func¬ 
tion  of  selenium  intake.  Above  this  range  of  intakes,  selenoprotein 
concentrations  become  regulated  only  by  genetic  and  environmen¬ 
tal  factors.  This  lack  of  selenium  effect  implies  that  the  selenium 
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requirement  for  selenoprotein  synthesis  has  been  met  (Yang  et  al., 
1987).  At  this  plateau  point,  human  plasma  selenoproteins  contain 

O. 8  to  1.1  pmol/L  (7  to  9  pg/dL)  of  selenium  (Hill  et  al.,  1996). 
Thus,  when  tissue  concentrations  of  selenium  are  below  the  level  at 
which  selenoproteins  have  plateaued,  it  can  be  stated  with  confi¬ 
dence  that  selenium  supplies  are  limiting.  Under  these  conditions, 
tissue  (plasma)  concentrations  of  the  element  are  useful  as  indices 
of  nutritional  selenium  status. 

Above  plateau  concentration,  however,  the  chemical  form  of  sele¬ 
nium  ingested  and  other  factors  become  important  in  determining 
the  tissue  selenium  concentration.  Tissue  (plasma)  concentrations 
of  selenium  do  not  always  correlate  with  selenium  intake  under 
these  conditions  (concentration  greater  than  the  plateau) .  As  stat¬ 
ed  earlier,  much  of  the  dietary  selenium  supply  is  selenomethion¬ 
ine,  which  is  synthesized  by  plants  and  appears  to  enter  the  me¬ 
thionine  pool  in  animals  where  it  is  incorporated  into  protein 
randomly  at  methionine  sites.  Since  selenomethionine  is  not  sub¬ 
ject  to  homeostatic  regulation,  blood  levels  of  selenium  will  gener¬ 
ally  be  higher  when  this  form  is  consumed  (Burk  and  Levander, 
1999).  The  selenium  released  by  the  catabolism  of  selenomethio¬ 
nine  will  be  present  as  selenocysteine  in  selenoproteins. 

Based  on  these  considerations,  plasma  selenium  concentration 
has  utility  in  assessing  selenium  intake  of  all  forms  of  the  element 
only  when  it  is  less  than  0.8  pmol/L  (7  pg/dL) .  Such  values  indicate 
that  the  synthesis  of  selenoproteins  has  not  yet  plateaued.  Above 
these  values,  the  plasma  selenium  concentration  is  highly  depen¬ 
dent  on  the  chemical  form  of  the  element  ingested. 

Glutathione  Peroxidases  and  Selenoprotein  P  in  Blood 

Several  selenoproteins  are  present  in  blood.  Plasma  contains  the 
extracellular  glutathione  peroxidase  (GSHPx-3)  and  selenoprotein 

P.  Erythrocytes  and  platelets  contain  the  most  abundant  form  of 
selenium-containing  glutathione  peroxidase,  intracellular  gluta¬ 
thione  peroxidase  (GSHPx-1).  Other  selenoproteins  have  not  been 
identified  in  blood.  All  three  of  these  blood  selenoproteins  (GSH¬ 
Px-3,  selenoprotein  P,  and  GSHPx-1)  have  been  used  to  assess  sele¬ 
nium  status,  but  plasma  GSHPx-3  has  been  preferred  in  recent  years 
because  its  determination  is  more  accurate  than  the  determination 
of  the  erythrocyte  enzyme  GSHPx-1.  Since  hemoglobin  interferes 
with  the  measurement  of  GSHPx-1  in  the  erythrocyte,  use  of  this 
marker  is  problematic  and  consequently  few  data  are  available  that 
can  be  used  to  set  a  selenium  requirement.  Also  studies  indicate 
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that  plasma  GSHPx-3  activity  reflects  the  activity  of  tissue  selenoen- 
zymes  better  than  does  GSHPx-1  activity  in  erythrocytes  (Cohen  et 
al.,  1985). 

The  limited  information  available  on  selenoprotein  P  indicates 
that  it  is  the  major  form  of  selenium  in  plasma  and  suggests  that  it 
will  be  as  good  an  indicator  of  selenium  status  as  plasma  GSHPx-3 
(Hill  et  al.,  1996).  However,  since  an  assay  for  it  is  not  widely  avail¬ 
able  at  present,  the  data  for  selenoprotein  P  are  insufficient  to  use 
it  to  estimate  a  dietary  requirement. 

Cancer 

In  some  animal  models,  high  selenium  intakes  reduce  the  inci¬ 
dence  of  cancer  (Ip,  1998).  In  these  studies,  selenium  was  fed  in 
amounts  greater  than  that  needed  to  support  maximum  concentra¬ 
tions  of  selenoproteins.  In  humans,  some  but  not  all  observational 
studies  have  shown  that  individuals  who  self-select  diets  that  pro¬ 
duce  high  plasma  and  nail  selenium  tend  to  have  a  lower  incidence 
of  cancer  (Clark  et  al.,  1991). 

Randomized  trial  data  are  limited  to  three  studies,  one  conducted 
with  poorly  nourished  rural  Chinese  (Blot  et  al.,  1995),  another 
with  U.S.  patients  with  a  history  of  treated  nonmelanoma  skin  can¬ 
cer  (Clark  et  al.,  1996),  and  a  third  with  participants  in  the  Health 
Professional  Follow-up  Study  (Yoshizawa  et  al.,  1999).  In  the  China 
trial,  among  eight  combinations  tested,  subjects  assigned  a  daily 
combination  of  selenium  (50  pg  [0.6  pmol]),  [3-carotene  (15  mg), 
and  a-tocopherol  (30  mg)  achieved  a  significant  (21  percent)  de¬ 
crease  in  gastric  cancer  mortality,  resulting  in  a  significant  9  per¬ 
cent  decline  in  total  all-cause  mortality.  However,  these  results 
cannot  be  attributed  to  selenium  alone,  because  the  individuals  con¬ 
sumed  selenium  in  combination  with  [3-carotene  and  vitamin  E. 

In  the  second  trial,  200  pg  (2.5  pmol)/day  of  selenium  adminis¬ 
tered  in  the  form  of  yeast  showed  no  effect  on  recurrence  of  non¬ 
melanoma  skin  cancer  compared  to  a  similar  placebo  group  (Clark 
et  al.,  1996).  Although  the  numbers  of  subjects  were  small  (1,312 
patients  randomly  assigned  to  the  supplement  or  a  placebo,  ~  75% 
male)  and  the  outcomes  not  prespecified,  significantly  lower  rates 
of  prostate,  colon,  and  total  cancer  were  observed  among  those 
assigned  to  the  selenium  group. 

Similar  prostate  cancer  results  were  reported  from  a  nested  case- 
control  design  within  the  Health  Professionals  Follow-up  Study;  the 
risk  of  prostate  cancer  for  men  receiving  200  pg  (2.5  pmol)/day  of 
selenium  was  one-third  that  of  men  receiving  the  placebo  (Yoshiza- 
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wa  et  al.,  1999).  The  inverse  association  seen  between  the  selenium 
level  in  toenail  clippings  and  the  risk  of  advanced  prostate  cancer 
was  not  confounded  by  age,  other  dietary  factors,  smoking,  body 
mass  index,  geographic  region,  family  history  of  prostate  cancer,  or 
vasectomy. 

Results  of  these  three  studies  are  compatible  with  the  possibility 
that  intakes  of  selenium  above  those  needed  to  maximize  seleno¬ 
proteins  have  an  anticancer  effect  in  humans.  These  findings  sup¬ 
port  the  need  for  large-scale  trials.  They  can  not,  however,  serve  as 
the  basis  for  determining  dietary  selenium  requirements  at  this 
time. 


Other  Measurements 


Urine 

Attempts  have  been  made  to  use  urinary  selenium  excretion  as  an 
index  of  selenium  status.  While  excretion  of  the  element  is  propor¬ 
tional  to  selenium  status,  excretion  is  also  sensitive  to  short-term 
changes  in  selenium  intake  (Burk  et  al.,  1972).  Thus,  urinary  excre¬ 
tion  in  selenium  deficiency  may  reflect  immediate  selenium  intake 
more  than  nutritional  selenium  status.  This  limits  the  utility  of  uri¬ 
nary  selenium  measurements. 

Labeled  Selenium 

Uptake  of  selenium-75  (75Se)  by  erythrocytes  in  vitro  has  been 
studied  (Wright  and  Bell,  1963)  as  an  indicator  of  selenium  status. 
Although  this  method  showed  validity  in  sheep  (Wright  and  Bell, 
1963),  its  value  in  other  species,  including  humans,  has  not  been 
demonstrated  (Burk  et  al.,  1967). 

FACTORS  AFFECTING  THE  SELENIUM  REQUIREMENT 

Bioavailability 

Most  dietary  selenium  is  highly  bioavailable.  Selenomethionine, 
which  is  estimated  to  account  for  at  least  half  of  the  dietary  seleni¬ 
um,  is  absorbed  by  the  same  mechanism  as  methionine,  and  its 
selenium  is  made  available  for  selenoprotein  synthesis  when  it  is 
catabolized  via  the  transsulfuration  pathway  (Esaki  et  al.,  1982).  The 
bioavailability  of  selenium  in  the  form  of  selenomethionine  is  great¬ 
er  than  90  percent  (Thomson  and  Robinson,  1986).  The  selenium 
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in  selenocysteine,  another  significant  dietary  form,  is  also  highly 
bioavailable  (Swanson  et  al.,  1991).  There  appear  to  be  some  minor 
dietary  forms  of  selenium  (especially  present  in  fish)  that  have  rela¬ 
tively  low  bioavailability,  but  these  forms  have  not  been  identified 
(Cantor  and  Tarino,  1982).  Selenate  and  selenite,  two  inorganic 
forms  of  selenium,  have  roughly  equivalent  bioavailability  which 
generally  exceeds  50  percent  (Thomson  and  Robinson,  1986).  Al¬ 
though  they  are  not  major  dietary  constituents,  these  inorganic 
forms  are  commonly  used  as  selenium  supplements. 

Gender 

Earlier  reports  from  China  (Ge  et  al.,  1983),  from  a  time  when 
selenium  deficiency  was  more  severe  than  in  recent  years,  indicated 
that  women  of  childbearing  age  were  susceptible  to  developing  Kes¬ 
han  disease,  whereas  men  were  resistant.  However,  cases  of  the  dis¬ 
ease  reported  in  the  past  20  years  appear  to  be  limited  to  children, 
with  equal  prevalence  in  boys  and  girls  (Cheng  and  Qian,  1990). 
Thus,  a  gender  effect  in  susceptibility  to  this  disease  may  be  present 
at  extremely  low  selenium  intakes,  but  no  such  effect  has  been  dem¬ 
onstrated  at  current  intakes.  Given  women’s  apparently  increased 
susceptibility  to  Keshan  disease,  selenium  requirements  for  the  var¬ 
ious  age  groups  are  based  on  male  reference  weights. 


FINDINGS  BY  LIFE  STAGE  AND  GENDER  GROUP 

Infants  Ages  0  through  12  Months 

Method  Used  to  Set  the  Adequate  Intake 

No  functional  criteria  of  selenium  status  have  been  demonstrated 
that  reflect  response  to  dietary  intake  in  infants.  Thus,  recommend¬ 
ed  intakes  of  selenium  are  based  on  an  Adequate  Intake  (Al)  that 
reflects  the  observed  mean  selenium  intake  of  infants  fed  principal¬ 
ly  with  human  milk. 

Human  milk  is  recognized  as  the  optimal  milk  source  for  infants 
throughout  at  least  the  first  year  of  life  and  is  recommended  as  the 
sole  nutritional  milk  source  for  infants  during  the  first  4  to  6  months 
of  life  (IOM,  1991).  Therefore,  determination  of  the  Al  for  seleni¬ 
um  for  infants  is  based  on  data  from  infants  fed  human  milk  as  the 
principal  fluid  during  periods  0  through  6  and  7  through  12  months 
of  age.  The  Al  is  the  mean  value  of  observed  intakes  as  calculated 
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from  data  on  the  selenium  content  of  human  milk  and  other  stud¬ 
ies  which  estimated  the  volume  typically  consumed  as  determined 
by  test  weighing  of  infants  in  the  age  category.  In  the  age  group  7 
through  12  months,  an  amount  is  added  for  the  contribution  to 
intake  of  selenium  obtained  from  weaning  foods. 

Average  selenium  concentrations  of  human  milk  consumed  by 
infants  at  different  ages  are  shown  in  Table  7-1.  In  general,  the 
selenium  content  of  human  milk  is  highest  in  colostrum  (33  to  80 
Pg  [0.4  to  1.0  pmol]/L)  (Ellis  et  al.,  1990;  Higashi  et  al.,  1983;  Hojo, 
1986;  Smith  et  al.,  1982),  whereas  concentrations  in  transitional 
milk  at  1  week  (18  to  29  pg  [0.2  to  0.4  pmol]/L)  are  less  than  half 
those  of  colostrum  (Ellis  et  al.,  1990;  Higashi  et  al.,  1983;  Hojo, 
1986).  There  is  wide  interindividual  variation  in  the  selenium  con¬ 
tent  of  human  milk  (Higashi  et  al.,  1983),  and  the  selenium  con¬ 
tent  of  hind  milk  (milk  at  the  end  of  an  infant  feeding)  is  greater 
than  that  of  the  fore  milk  (milk  at  the  beginning  of  the  feeding) 
(Smith  et  al.,  1982). 

Selenium  is  also  present  in  human  milk  in  extracellular  glu¬ 
tathione  peroxidase  (GSHPx-3)  (Avissar  et  al.,  1991),  but  the  distri¬ 
bution  of  selenium  among  milk  proteins  needs  further  character¬ 
ization.  It  is  also  likely  that  a  large  and  variable  fraction  of  milk 
selenium  is  present  as  selenomethionine  substituting  for  methio¬ 
nine  as  has  been  described  for  plasma. 

The  average  selenium  content  of  mature  human  milk  sampled 
between  2  and  6  months  lactation  appears  to  be  relatively  constant 
within  a  population  group  (Debski  et  al.,  1989;  Funk  et  al.,  1990). 
However,  human  milk  selenium  varies  with  maternal  selenium  in¬ 
take.  Selenium  concentrations  in  mature  human  milk  in  Finnish 
women  consuming  30,  50,  or  100  pg  (0.4,  0.6,  or  1.3  pmol)/day  of 
selenium  were  6,  11,  or  14  pg  (0.08,  0.14,  or  0.18  pmol)/L  of  seleni¬ 
um,  respectively  (Kumpulainen  et  al.,  1983, 1984, 1985).  Other  stud¬ 
ies  reported  average  selenium  concentrations  of  mature  human 
milk  of  10  to  23  pg/L  (with  a  range  of  6  to  39  pg/L)  (Cumming  et 
al.,  1992;  Debski  et  al.,  1989;  Ellis  et  al.,  1990;  Funk  et  al.,  1990; 
Higashi  et  al.,  1983;  Hojo,  1986;  Levander  et  al.,  1987;  Mannan  and 
Picciano,  1987;  Smith  et  al.,  1982). 

The  average  selenium  content  of  human  milk  from  mothers  in 
Canada  and  the  United  States  was  15  to  20  pg  (0.19  to  0.25  pmol)  / 
L  (Levander  et  al.,  1987;  Mannan  and  Picciano,  1987;  Smith  et  al., 
1982).  An  older  study  analyzed  human  milk  samples  from  women 
living  in  17  states  in  the  United  States.  The  authors  reported  mean 
milk  selenium  values  to  be  28  pg  (0.35  pmol)/L  in  areas  with  high 
soil  selenium  content  and  13  pg  (0.16  pmol)/L  in  areas  with  low 
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TABLE  7-1  Selenium  Content  of  Human  Milk 

Reference 

Selenium  Content 
of  Milk  (pg/L) 

Stage  of  Lactation 

Shearer  and 

18  (7-60) 

17-869  d 

Hadjimarkos,  1975 

Smith  et  al.,  1982rt 

41.2  ±  17.3 

1-4  d  (colostrum),  from  a 

different  sample  of  women 

18  ±  3.8 

1  mo 

15.7  ±  4.6 

2  mo 

15.1  ±  5.8 

3  mo 

Higashi  et  al.,  1983/; 

80  (35-152) 

Day  1  (colostrum) 

29  (15-79) 

1  wk  (transitional  milk) 

18  (9-39) 

1  mo 

17  (6-28) 

3  mo 

18  (9-33) 

5  mo 

Kumpulainen  et  al., 

10.7  ±  1.6  (SDO 

1  mo 

1983 

5.8  ±  1.2 

3  mo 

5.6  ±  0.4 

6  mo 

Kumpulainen  et  al., 

11.8  ±  1.7 

1  mo 

1984 

10.9  ±  1.9 

2  mo 

10.0  ±  1.9 

3  mo 

Kumpulainen  et  al., 

13-14 

2  mo 

1985 

» 

Hojo,  1986* 

34.2  ±  12.8 

4  d  (colostrum) 

24.0  ±  4.2 

7-8  d  (transitional  milk) 

22.5  ±  4.2 

36-86  d 

Levandcr  et  al.,  1987 

20  ±  1  (SEMfi) 

1  mo 

15  ±  1 

3  mo 

15  ±  1 

6  mo 
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Maternal  Selenium 
Intake  (pg/d) 


Not  reported 


Not  reported 


Not  reported; 
thought  to  be 
comparable  to 
American  intakes 


36  ±  13  (6-8  wk  pp) 

30  ±  12  (17-22  wk  pp) 


50  (average  Finnish 
dietary  selenium 
intake) 

100  (yeast-Se 
supplement) 


Not  reported 


84  +  4 
84  ±  4 
87  ±  4 


Methods 


n  =  241  mothers  from  17  states,  ages  17-44 


n  =  8  human  milk-fed  infants  and  their  mothers  who 
provided  72  milk  samples 

Stage  of  lactation  and  time  of  day  had  no  effect  on 
milk  Se 

n  =  22  Japanese  healthy  full-term  infants  and  their 
mothers,  aged  22-34 

Women  were  from  the  same  geographical  area 
Wide  interindividual  variation  in  milk  Se  content 
Also  measured  serum  level:  mean  serum  level  in 
mothers  at  3  mo  pp  =  14.8  ±  4.7  pg/dL;  level  in 
control  subjects  =  13.5  ±1.9  pg/dL 

n  =  13  Finnish  human  milk-fed  infants  and  their 
mothers 

Dietary  intake  based  on  7-d  food  records 
n  =  46  human  milk  samples  from  31  Finnish  mothers 


n  =  200  Finnish  healthy  full-term  infants  and  their 
mothers 

Three  groups:  no  supplement,  100  pg/d  yeast-Se,  and 
100  pg/d  selenite.  Highest  milk  content  values  were 
found  in  the  yeast-Se  group.  In  the  no-supplement 
group,  the  peak  milk  content  (7.2)  was  reached  at 
6  mo  pp^ 

n  =  5  Japanese  healthy  full-term  infants  and  their 
mothers,  aged  25-28 

Also  measured  GSHPx/  levels  in  milk.  GSHPx  levels 
were  highest  in  colostrum  and  decreased  with 
increasing  time  of  lactation 
Urinary  Se  was  not  associated  with  milk  Se  or  GSHPx 

n  -  23  lactating  mothers  with  healthy  full-term 
deliveries,  aged  18-36 
Also  examined  13  nonlactating  women 
Dietary  intake  was  based  on  duplicate  food  and  drink 
composites  and  food  records 
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TABLE  7-1  Continued 


Reference 

Selenium  Content 
of  Milk  (pg/L) 

Stage  of  Lactation 

Mannan  and  Picciano, 

15.6  ±  0.4  (fore) 

4,  8,  12,  and  16  wk 

1987° 

18.1  ±  0.6  (hind) 

Debski  et  al., 

22.2  ±  0.8  (SEM) 

Any  9  consecutive  mo  during 

1989 

(vegetarians) 

16.8  ±  1.3 

(nonvegetarians) 

1-26  mo  lactation 

Ellis  et  ah,  1990 

32.8  ±  3.2 

3  d 

26.4  ±  1.6 

7  d 

24.0  ±  1.6 

21  d 

21.6+  1.6 

42  d 

Funk  et  ah, 

15.5 

1-6  mo  (rainy  season) 

1990 

21.3 

1-6  mo  (dry  season) 

17.8 

13-19  mo  (rainy  season) 

19.7 

13-19  mo  (dry  season)  1 

1 

Cumming  et  ah, 

1992 

11.9  ±  3.5  (SD) 

1 

6-12  wk 

Jochum  et  ah, 

1995 

9.9  ±  0.5 

4  mo 

a  Hind  milk  selenium  concentration  greater  than  that  in  fore  milk. 

^Lack  of  correlation  between  human  milk  and  serum  selenium  concentration. 
c  SD  =  standard  deviation. 
d  pp  =  postpartum. 
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Maternal  Selenium 
Intake  (pg/d) 


Not  reported 


101  ±  6 

(vegetarians) 

106  +  5 

(nonvegetarians) 


Not  reported 


Food  scarcity 
Food  abundance 
Food  scarcity 
Food  abundance 


Informal  dietary 
assessment 


Not  reported 


Methods 


n  =  10  healthy  mothers  with  normal  term  pregnancies, 
mean  age  =  30 

Values  from  weeks  4,  8,  12,  and  16  were  pooled 
No  Se  supplements  taken  during  pregnancy  or  lactation 
Measured  GSHPx  in  milk — similar  pattern  as  milk  Se 
Also  looked  at  plasma  and  erythrocyte  levels  of  Se 
and  GSHPx 

n  =  26  vegetarian  and  12  nonvegetarian  healthy 
lactating  mothers,  mean  age  =  29 
Dietary  intake  based  on  2-d  intake  records 
Milk  Se  content  is  based  on  undialyzed  milk;  values 
for  dialyzed  milk  samples  were  similar  for  both 
vegetarians  and  nonvegetarians 

n  =  10  term  infants  and  their  mothers 
Also  examined  preterm  and  very  preterm  infants 
Also  measured  GSHPx  activity  and  protein  content 
in  milk 

n  =  55  Gambian  women;  multiparous 
Milk  Se  was  higher  in  the  dry  season 
Milk  Se  was  lower  in  the  rainy  season,  but  only  during 
early  lactation  (1-6  mo).  The  seasonal  effect 
diminished  during  late  lactation  (13-19  mo) 

There  was  a  negative  correlation  between  parity  and 
milk  Se  during  late  lactation  regardless  of  season 
Protein,  GSHPx,  and  Px  were  not  affected  by  state  of 
lactation  or  parity 

n  =  20  Australian  human  milk-fed  infants  and  their 
mothers,  aged  17-38 

Hind  milk  Se  was  significantly  greater  than  fore  milk  Se 
Blood  and  serum  Se  also  measured 

n-  50  German  healthy  term  infants  exclusively  fed 
human  milk 

No  change  in  plasma  Se  from  birth  to  4  mo 
Significant  decrease  in  erythrocyte  and  plasma  GSHPx 
activity  from  birth  to  4  mo 


e  Positive  correlation  between  human  milk  selenium  and  GSHPx. 
/GSHPx  =  selenium-dependent  glutathione  peroxidases. 

£SEM  =  standard  error  of  the  mean. 
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soil  selenium  content,  with  an  overall  average  concentration  of  18 
pg  (0.23  pmol)/L  (Shearer  and  Hadjimarkos,  1975). 

Ages  0  through  6  Months 

There  are  no  reports  of  full-term  American  or  Canadian  infants 
exclusively  and  freely  fed  human  milk  who  manifest  signs  of  seleni¬ 
um  deficiency.  The  AI  for  infants  ages  0  through  6  months  is  based 
on  an  average  volume  of  milk  intake  for  this  age  group  of  0.78  L/ 
day  (Allen  et  al.,  1991;  Butte  et  al.,  1984;  Heinig  et  al.,  1993)  and  an 
average  concentration  of  selenium  in  human  milk  of  18  pg  (0.23 
pmol)/L  (Levander  et  al.,  1987;  Mannan  and  Picciano,  1987;  Shear¬ 
er  and  Hadjimarkos,  1975;  Smith  et  al.,  1982).  Using  the  average 
selenium  concentration  of  milk  of  well-nourished  but  unsupple¬ 
mented  mothers,  18  pg  (0.23  pmol)/L,  the  AI  for  infants  0  through 
6  months  of  age  would  be  18  pg/L  x  0.78  L/day  =14  pg/day,  round¬ 
ed  up  to  15  pg  (0.19  pmol)/day. 

Ages  7  through  12  Months 

One  method  of  estimating  the  AI  for  infants  in  the  second  half  of 
the  first  year  of  life  is  to  utilize  the  method  described  in  Chapter  3 
to  extrapolate  from  the  AI  for  infants  ages  0  through  6  months  and 
rounding.  By  this  method,  the  AI  for  infants  ages  7  through  12 
months  is  20  pg  (0.25  pmol)/day. 

An  alternative  method  is  to  calculate  the  estimated  selenium  in¬ 
take  from  human  milk  and  infant  foods.  The  selenium  content  of 
mature  human  milk  remains  relatively  constant  during  the  first  year 
of  lactation  (Debski  et  al.,  1989;  Funk  et  al.,  1990).  Therefore,  if  18 
pg  (0.23  pmol)/L  selenium  is  the  average  human  milk  content  in 
the  United  States  and  Canada  (Shearer  and  Hadjimarkos,  1975) 
and  0.6  L/day  is  the  usual  amount  of  human  milk  consumed  by 
infants  7  through  12  months  of  age  (Dewey  et  al.,  1984),  the  seleni¬ 
um  intake  from  human  milk  would  be  11  pg  (0.14  pmol)/day. 

The  selenium  content  of  the  usual  intakes  of  complementary 
weaning  foods  can  be  calculated  as  follows.  The  average  daily  calor¬ 
ic  intake  in  this  age  group  is  845  kcal  (Fomon  and  Anderson,  1974). 
Calories  provided  by  human  milk  would  be  450  kcal  (0.6  L  of  hu¬ 
man  milk  X  0.75  kcal/mL)  (Fomon  and  Anderson,  1974).  Thus,  the 
caloric  content  of  the  usual  intake  of  complementary  weaning  foods 
would  be  845  -  450  =  395  kcal. 

There  is  one  report  in  which  the  selenium  content  of  infant  food 
was  analyzed.  The  total  selenium  intake  of  20  apparently  healthy 
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German  infants  and  children  5  to  20  months  old  was  reported  to  be 
34  pg  (0.4  pmol) /day;  the  median  selenium  content  of  the  food  was 
27  ng  (0.34  nmol)/g  wet  weight  (Lombeck  et  al.,  1984).  By  using 
this  same  selenium  content  for  U.S.  infant  food  and  assuming  an 
average  of  1  kcal/ g  in  infant  foods,  the  average  daily  selenium  in¬ 
take  from  infant  food  in  the  second  half  of  the  first  year  of  life 
would  be  11  pg  (0.027  pg/kcal  x  395  kcal).  Thus,  11  pg  (0.14  pmol) 
from  food  +  11  pg  (0.14  pmol)  from  human  milk  =  22  pg  (0.28 
pmol) /day.  This  is  comparable  to  the  value  calculated  above  by 
extrapolating  from  the  AI  for  infants  0  through  6  months,  and  is  in 
the  same  range  as  the  amount  calculated  by  Levander  (1976)  of  28 
pg  (0.35  pmol) /day  for  a  6  month  old  consuming  whole  milk  and 
weaning  foods. 

Selenium  AI  Summary,  Ages  0  through  12  Months 

AI  for  Infants 

0-6  months  15  pg  (0.19  pmol)/day  of  selenium  ~  2.1  pg/kg 

7-12  months  20  pg  (0.25  pmol)/day  of  selenium  ~  2.2  pg/kg 

Children  and  Adolescents  Ages  1  through  18  Years 

Evidence  Considered  in  Estimating  the  Average  Requirement 

No  data  were  found  on  which  to  base  an  Estimated  Average  Re¬ 
quirement  (EAR)  for  selenium  for  children  or  adolescents.  In  the 
absence  of  additional  information,  EARs  and  Recommended  Di¬ 
etary  Allowances  (RDAs)  for  children  and  adolescents  have  been 
estimated  using  the  method  described  in  Chapter  3,  which  extrapo¬ 
lates  from  adult  values.  As  noted  above,  most  selenium  in  the  diet  is 
metabolized  by  a  mechanism  similar  to  that  of  methionine.  There¬ 
fore,  the  formulas  used  for  determining  selenium  requirements  for 
children  are  the  metabolic  formulas  rather  than  those  based  upon 
weights  alone.  Given  the  reported  slightly  increased  susceptibility  of 
females  to  developing  Keshan  disease,  selenium  requirements  for 
the  various  age  groups  are  based  on  the  higher  reference  weights 
for  males. 

The  EAR  is  thus  determined  based  on  the  same  criteria  of  ade¬ 
quacy  as  adults,  that  of  selenium  intakes  that  would  be  expected  to 
maximize  plasma  glutathione  peroxidase  activity. 

It  is  important  to  discuss  these  recommendations  in  the  context 
of  knowledge  regarding  the  amount  of  dietary  selenium  necessary 
to  prevent  Keshan  disease.  This  disease  occurs  in  young  selenium- 
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deficient  Chinese  children,  which  suggests  that  these  children  have 
the  greatest  need  for  selenium  of  any  individuals  in  the  population. 
Studies  in  China  indicate  that  Keshan  disease  does  not  occur  in 
populations  with  a  per  capita  adult  selenium  intake  of  17  pg  (0.22 
pmol) /day  or  greater  (Yang  et  al.,  1987).  Thus  the  calculated  EARs 
listed  below  should  be  sufficient  to  prevent  Keshan  disease  in  all 
children. 


Selenium  EAR  and  RDA  Summary ,  Ages  1  through  18  Years 


EAR  for  Children 
1-3  years 
4-8  years 
EAR  for  Boys 

9-13  years 
14-18  years 
EAR  for  Girls 

9-13  years 
14-18  years 


17  pg  (0.22  pmol)/day  of  selenium 
23  pg  (0.29  pmol)/ day  of  selenium 

35  pg  (0.45  pmol)/day  of  selenium 
45  pg  (0.57  pmol)/day  of  selenium 

35  pg  (0.45  pmol) /day  of  selenium 
45  pg  (0.57  pmol)/day  of  selenium 


The  RDA  for  selenium  is  set  by  assuming  a  coefficient  of  variation 
(CV)  of  10  percent  (see  Chapter  1)  because  information  is  not  avail¬ 
able  on  the  standard  deviation  of  the  requirement  for  selenium;  the 
RDA  is  defined  as  equal  to  the  EAR  plus  twice  the  CV  to  cover  the 
needs  of  97  to  98  percent  of  the  individuals  in  the  group  (there¬ 
fore,  for  selenium  the  RDA  is  120  percent  of  the  EAR).  The  calcu¬ 
lated  RDA  is  rounded  to  the  nearest  5  pg. 


RDA  for  Children 

1-3  years 

20  pg 

4-8  years 

30  pg 

RDA  for  Boys 

9-13  years 

40  pg 

14-18  years 

55  pg 

RDA  for  Girls 

9-13  years 

40  pg 

14-18  years 

55  pg 

(0.25  pmol) /day  of  selenium 
(0.38  pmol)/day  of  selenium 

(0.51  pmol)/day  of  selenium 
(0.70  pmol)/day  of  selenium 

(0.51  pmol)/day  of  selenium 
(0.70  pmol)/day  of  selenium 


Adults  Ages  19  through  50  Years 

Evidence  Considered  in  Estimating  the  Average  Requirement 

Twenty  years  ago,  efforts  to  estimate  human  selenium  require¬ 
ments  could  produce  only  an  estimated  safe  and  adequate  daily 
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intake  range  that  was  based  on  extrapolations  from  experimentally 
determined  selenium  requirements  of  animals  (NRC,  1980b).  Since 
then,  Keshan  disease  has  been  reported  to  be  a  disease  of  selenium 
deficiency  in  humans,  and  estimates  of  the  selenium  intake  needed 
to  prevent  it  have  been  made.  Also,  a  number  of  selenoproteins, 
many  of  them  enzymes  with  important  functions,  have  been  identi¬ 
fied.  These  selenoproteins  require  selenium  for  their  synthesis  and 
for  maintenance  of  their  activities  in  tissues.  As  discussed  earlier, 
two  plasma  selenoproteins  (glutathione  peroxidase  and  selenopro¬ 
tein  P)  can  serve  as  indices  of  selenium  status  and  have  been  mea¬ 
sured  in  individuals  consuming  varying  amounts  of  selenium. 

Surveys  in  China  have  compared  per  capita  daily  selenium  intakes 
of  adults  in  Keshan  disease  areas  with  intakes  in  adjacent  areas  that 
were  free  of  the  disease  (Yang  and  Xia,  1995;  Yang  et  al.,  1987). 
Adult  subjects  living  in  the  affected  areas  were  found  to  have  seleni¬ 
um  intakes  of  11  pg  (0.14  pmol) /day  or  less,  while  those  living  in 
unaffected  areas  had  intakes  of  17  pg  (0.22  pmol)/day  or  more. 
Thus,  based  on  one  Chinese  study,  no  selenium-responsive  disease 
is  known  to  occur  in  populations  with  adult  intakes  as  low  as  17  pg 
(0.22  pmol)/day. 

Additional  results  from  China  and  elsewhere  indicate  that  intakes 
of  20  pg  (0.25  pmol)/day  and  greater  protect  adults  against  the 
development  of  Keshan  disease  (Yang  et  al.,  1987).  In  New  Zealand 
and  Finland,  intakes  by  adults  as  low  as  25  pg  (0.32  pmol) /day  have 
been  reported  without  the  occurrence  of  Keshan  disease  (Griffiths, 
1973;  Varoetal.,  1994). 

Plasma  glutathione  peroxidase  and  selenoprotein  P  were  mea¬ 
sured  in  a  population  in  which  Keshan  disease  was  endemic  (Hill  et 
al.,  1996;  Xia  et  al.,  1989).  Survey  results  estimated  that  per  capita 
selenium  intake  of  adults  was  11  pg  (0.14  pmol) /day  in  this  popula¬ 
tion.  Table  7-2  compares  plasma  selenium  concentration,  glu¬ 
tathione  peroxidase  activity,  and  selenoprotein  P  concentrations  in 
boys  aged  8  to  12  years  and  adult  males  residing  in  a  Keshan  disease 
area  with  corresponding  values  in  a  nearby  area  free  of  the  disease. 
Males  living  in  the  disease-free  area  had  been  supplemented  with 
inorganic  selenium  for  14  days  (100  pg  [1.3  pmol] /day  for  the  boys 
and  200  pg  [2.5  pmol] /day  for  the  men).  In  the  endemic  area, 
selenoprotein  P  concentration  in  boys  and  men  was  13  percent  and 
23  percent,  respectively,  of  that  in  the  unaffected  selenium  supple¬ 
mented  area.  Glutathione  peroxidase  activities  were  26  percent  in 
the  boys  and  37  percent  in  the  men,  compared  to  these  activities  in 
the  boys  and  men  in  the  unaffected  area.  Plasma  selenium  concen- 
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TABLE  7-2  Plasma  Selenium  Indices  in  Boys  and  Men  in  Two 
Areas  of  China:  (1)  A  Selenium-Deficient  Area  Where  Keshan 
Disease  Was  Endemic  and  (2)  an  Area  Supplemented  with 
Inorganic  Selenium 


Plasma 

Selenium 

(pg/dL) 

Plasma 

Glutathione 

Peroxidase 

(U/L«) 

Plasma 

Selenoprotein  P 
(U/L) 

Boys  (aged  8-12) 

Low-selenium  area 

1 .3  ±  0.5 

29  ±  15 

0.10  ±  0.04 

Supplemented  area 

6.3  ±  1.5 

111  ±  21 

0.76  ±  0.27 

Low  selenium/supplemented,  % 

21 

26 

13 

Men  (aged  17  and  over) 

Low-selenium  area 

1.6  ±  0.4 

51  ±  16 

0.13  ±  0.04 

Supplemented  area 

6.8  ±  1.0 

137  ±  15 

0.57  ±0.13 

Low  selenium/supplemented,  % 

24 

37 

23 

a  Reference  plasma  contains  1  unit  (U)  selenoprotein  P/L. 
SOURCES:  Hill  et  al.  (1996);  Xia  et  al.  (1989). 


trations  were  21  percent  of  the  supplemented  values  in  the  boys 
and  24  percent  in  the  men. 

These  results  show  that  biochemical  functions  of  selenium  are 
compromised  in  populations  in  which  Keshan  disease  occurs.  The 
results  also  show  that  development  of  the  disease  is  possible  in  pop¬ 
ulations  in  which  plasma  glutathione  peroxidase  activities  in  adult 
males  are  as  high  as  37  percent  of  supplemented  values.  Finally, 
selenoprotein  P  concentrations  appear  to  be  more  severely  affected 
by  selenium  deficiency  than  is  glutathione  peroxidase  activity. 

Animal  studies  indicate  that  plasma  selenoproteins  reflect  the  ac¬ 
tivities  of  tissue  selenoenzymes  (Yang  et  al.,  1989).  It  can  therefore 
be  argued  that  plateau  concentrations  of  selenoenzymes  in  tissues 
would  correlate  with  plateau  concentrations  of  plasma  selenopro¬ 
teins.  Xia  et  al.  (1989)  found  that  Keshan  disease  can  occur  in  pop¬ 
ulations  that  have  a  plasma  glutathione  peroxidase  activity  in  men 
that  is  37  percent  of  maximum  values.  This  would  not  leave  a  large 
margin  of  error  if  less  than  100  percent  of  plasma  glutathione  per¬ 
oxidase  activity  is  deemed  acceptable.  For  these  two  reasons,  pla¬ 
teau  concentration  of  plasma  selenoproteins  is  chosen  as  the  indi¬ 
cator  for  determining  the  selenium  requirement. 
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Intervention  Studies 

Two  intervention  studies,  one  in  China  and  one  in  New  Zealand, 
have  been  done  to  assess  the  selenium  intake  required  to  achieve 
plateau  concentrations  of  plasma  selenoproteins. 

China  Study.  In  1983,  Yang  et  al.  (1987)  conducted  an  interven¬ 
tion  study  of  selenium  supplementation  in  China.  Because  the  pri¬ 
mary  data  from  this  study  could  not  be  obtained,  interpretation  of 
the  results  is  based  on  a  graph  in  the  publication.  The  population 
consisted  of  men  aged  18  to  42  years  with  dietary  selenium  intakes 
of  11  pg  (0.14  pmol) /day  and  plasma  glutathione  peroxidase  activi¬ 
ties  that  were  approximately  35  percent  of  the  values  reached  after 
supplementation  with  the  maximum  amount  of  selenium.  The  men 
were  studied  in  groups  of  eight  to  nine  and  were  given  selenium 
supplements  of  0,  10,  30,  60,  and  90  pg  (0,  0.13,  0.38,  0.76,  1.14 
pmol)/day  as  DL-selenomethionine  for  8  months.  Plasma  glu¬ 
tathione  peroxidase  activities  increased  in  all  groups  supplemented 
with  selenium.  The  plasma  enzyme  activities  in  the  groups  given  30, 
60,  and  90  pg  (0.38,  0.76,  1.14  pmol)/day  increased  and  converged 
after  the  fourth  month,  whereas  activities  in  the  other  two  groups 
remained  lower.  This  suggests  that  at  a  daily  intake  of  41  pg  (0.52 
pmol)/of  selenium  (11  pg  [0.14  pmol]  from  diet  plus  30  pg  [0.38 
pmol]  from  supplement) ,  the  activity  of  plasma  glutathione  peroxi¬ 
dase  reaches  a  plateau  in  adult  Chinese  males  with  an  estimated 
weight  of  60  kg.  With  a  weight  adjustment  for  North  American  males 
(41  pg  (0.52  pmol) /day  x  76  kg/60  kg),  this  value  would  translate 
to  52  pg  (0.66  pmol) /day. 

New  Zealand  Study.  A  study  in  New  Zealand  examined  52  adults 
(17  men  and  35  women)  aged  19  to  59  years  with  a  mean  selenium 
intake  of  28  ±  15  pg  (standard  deviation  [SD] )  (0.35  ±  0.19  pmol)  / 
day  and  initial  plasma  glutathione  peroxidase  activities  that  were 
approximately  75  percent  of  the  values  after  selenium  supplemen¬ 
tation.  The  subjects  were  given  0,  10,  20,  30,  or  40  pg  (0,  0.13,  0.25, 
0.38,  0.51  pmol)  / day  of  selenium  as  selenomethionine  for  20  weeks 
(with  about  10  subjects  per  group)  (Duffleld  et  al.,  1999). 

An  independent  analysis  of  the  study  data  (Duffield  et  al.,  1999), 
which  were  generously  provided  by  the  investigators,  has  been  con¬ 
ducted  for  this  report.  Regression  analysis  indicates  that  plasma  glu¬ 
tathione  peroxidase  activities  of  the  supplemented  groups  were  high¬ 
er  than  those  of  the  placebo  group,  although  the  magnitude  of  the 
differences  was  small  relative  to  the  variation  of  values  between  indi- 
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viduals  in  the  same  supplemented  group.  Selenium  supplementa¬ 
tion  increased  the  plasma  glutathione  peroxidase  activity  because 
the  increase  in  the  activity  relative  to  presupplementation  was  appar¬ 
ent  for  nearly  every  supplemented  individual.  However,  the  increase 
at  the  lowest  level  tested  (10  pg  [0.13  pmol] /day)  could  not  be 
statistically  differentiated  from  the  increase  at  the  highest  level  test¬ 
ed  (40  pg  [0.51  pmol]/day).  Thus,  choosing  to  be  conservative,  an 
EAR  of  38  pg  (0.48  pmol)  (28  pg  [0.35  pmol]/day  from  food  +  10  pg 
[0.13  pmol] /day  from  the  lowest  level  supplemented)  was  selected. 

Summary.  Calculation  of  an  EAR  for  selenium  is  based  on  the 
results  of  two  intervention  studies  that  were  done  in  different  coun¬ 
tries  but  had  similar  designs.  The  Chinese  study  suggests  that  a 
plateau  of  plasma  glutathione  peroxidase  activity  was  reached  with 
a  selenium  intake  of  41  pg  (0.52  pmol) /day.  With  a  weight  adjust¬ 
ment  for  North  American  males,  the  selenium  intake  was  52  pg 
(0.66  pmol) /day.  The  New  Zealand  study  can  be  interpreted  to 
suggest  an  EAR  in  the  vicinity  of  38  pg  (0.48  pmol) /day.  The  aver¬ 
age  of  those  studies,  45  pg  (0.57  pmol),  has  been  chosen  as  the 
EAR. 


Selenium  EAR  and  RDA  Summary,  Ages  19  through  50  Years 

Based  on  the  criterion  of  maximizing  plasma  glutathione  peroxi¬ 
dase  activity,  the  data  described  above  support  a  selenium  EAR  of 
45  pg/day  for  the  age  group  19  through  50  years  based  on  the 
weights  of  North  American  men.  Given  the  reported  greater  sus¬ 
ceptibility  of  women  to  develop  Keshan  disease  and  the  fact  that  the 
data  used  to  set  the  EAR  came  largely  from  men,  selenium  require¬ 
ments  for  both  males  and  females  are  based  on  the  higher  refer¬ 
ence  weights  for  males. 


EAR  for  Men 

19-30  years 
31-50  years 
EAR  for  Women 
19-30  years 
31-50  years 


45  pg  (0.57  pmol)/day  of  selenium 
45  pg  (0.57  pmol)/day  of  selenium 

45  pg  (0.57  pmol)/day  of  selenium 
45  pg  (0.57  pmol)/day  of  selenium 


The  RDA  for  selenium  is  set  by  assuming  a  coefficient  of  variation 
(CV)  of  10  percent  (see  Chapter  1)  because  information  is  not  avail¬ 
able  on  the  standard  deviation  of  the  requirement  for  selenium;  the 
RDA  is  defined  as  equal  to  the  EAR  plus  twice  the  CV  to  cover  the 
needs  of  97  to  98  percent  of  the  individuals  in  the  group  (there- 
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fore,  for  selenium  the  RDA  is  120  percent  of  the  EAR).  The  calcu¬ 
lated  RDA  is  rounded  to  the  nearest  5  pg. 


RDA  for  Men 

19-30  years 

55  pg 

31-50  years 

55  pg 

RDA  for  Women 

19-30  years 

55  pg 

31-50  years 

55  pg 

(0.70  pmol)/day  of  selenium 
(0.70  pmol)/day  of  selenium 

(0.70  pmol)/day  of  selenium 
(0.70  pmol)/day  of  selenium 


Adults  Ages  51  Years  and  Older 

Evidence  Considered  in  Estimating  the  Average  Requirement 

Adults  ages  51  years  and  older  appear  to  have  the  same  selenium 
requirement  as  younger  adults.  No  pathological  conditions  related 
to  selenium  insufficiency  have  been  reported  in  older  individuals, 
and  markers  of  selenium  status  in  blood  do  not  differ  by  age  or 
gender  (Hill  et  al.,  1996). 


Selenium  EAR  and  RDA  Summary,  Ages  51  Years  and  Older 

Data  from  intervention  studies  support  an  EAR  for  the  age  group 
51  years  and  older  of  45  pg/day.  The  aging  process  does  not  appear 
to  impair  selenium  absorption  or  utilization. 


EAR  for  Men 

51-70  years 
>70  years 
EAR  for  Women 

51-70  years 
>70  years 


45  pg  (0.57  pmol)/day  of  selenium 
45  pg  (0.57  pmol)/day  of  selenium 

45  pg  (0.57  pmol)/day  of  selenium 
45  pg  (0.57  pmol)/day  of  selenium 


The  RDA  for  selenium  is  set  by  assuming  a  coefficient  of  variation 
(CV)  of  10  percent  (see  Chapter  1)  because  information  is  not  avail¬ 
able  on  the  standard  deviation  of  the  requirement  for  selenium;  the 
RDA  is  defined  as  equal  to  the  EAR  plus  twice  the  CV  to  cover  the 
needs  of  97  to  98  percent  of  the  individuals  in  the  group  (there¬ 
fore,  for  selenium  the  RDA  is  120  percent  of  the  EAR).  The  calcu¬ 
lated  RDA  is  rounded  to  the  nearest  5  pg. 


RDA  for  Men 

51-70  years  55  pg  (0.70  pmol)/day  of  selenium 
>70  years  55  pg  (0.70  pmol)/day  of  selenium 
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RDA  for  Women 

51-70  years  55  pg  (0.70  pmol)/day  of  selenium 

>70  years  55  pg  (0.70  pmol)/day  of  selenium 

Pregnancy 

Evidence  Considered  in  Estimating  the  Average  Requirement 

Few  studies  provide  information  about  the  selenium  requirements 
of  pregnant  women.  However,  the  pregnancy  requirement  should 
allow  accumulation  of  enough  selenium  by  the  fetus  to  saturate  its 
selenoproteins.  Based  on  an  estimated  selenium  content  of  250  pg 
(3.2  pmol)/kg  body  weight  (Schroeder  et  al.,  1970),  a  4-kg  fetus 
would  contain  1,000  pg  (12.6  pmol)  of  selenium.  This  need  could 
be  met  by  an  additional  4  pg  (0.05  pmol)  / day  of  selenium  over  the 
270  days  of  the  pregnancy.  Based  on  this,  an  additional  require¬ 
ment  of  4  pg  (0.05  pmol) /day  during  pregnancy  is  estimated. 

Reported  selenium  intakes  of  uncomplicated  pregnancies  have 
varied  considerably.  Levander  et  al.  (1987)  found  that  the  average 
selenium  intake  of  apparently  healthy  pregnant  females  in  the  Unit¬ 
ed  States  was  73  pg  (0.92  pmol) /day.  Swanson  et  al.  (1983)  have 
shown  that  mean  selenium  retention  in  women  fed  a  high-selenium 
diet  (150  pg  [1.9  pmol]/day)  was  21  pg  (0.27  pmol) /day  in  early 
pregnancy  and  34  pg  (0.43  pmol) /day  in  late  pregnancy  compared 
to  11  pg  (0.14  pmol) /day  for  nonpregnant  females.  However,  mean 
selenium  intakes  as  low  as  28  pg  (0.35  pmol) /day  have  been  report¬ 
ed  for  pregnant  women  in  New  Zealand  without  obvious  ill  effects 
for  the  newborn  (Thomson  and  Robinson,  1980). 

Selenium  EAR  and  RDA,  Pregnancy 

Based  on  a  fetal  deposition  of  4  pg  (0.05  pmol) /day  throughout 
pregnancy,  the  EAR  is  increased  by  4  pg  (0.05  pmol)  /day  during 
pregnancy.  Since  most  selenium  is  highly  bioavailable,  no  adjust¬ 
ment  is  made  for  absorption.  No  adjustment  is  made  for  the  age  of 
the  mother. 

EAR  for  Pregnancy 

14-18  years  49  pg  (0.62  pmol)/day  of  selenium 

19-30  years  49  pg  (0.62  pmol)/day  of  selenium 

31-50  years  49  pg  (0.62  pmol)/day  of  selenium 

The  RDA  for  selenium  is  set  by  assuming  a  coefficient  of  variation 

(CV)  of  10  percent  (see  Chapter  1)  because  information  is  not  avail- 
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able  on  the  standard  deviation  of  the  requirement  for  selenium;  the 
RDA  is  defined  as  equal  to  the  EAR  plus  twice  the  CV  to  cover  the 
needs  of  97  to  98  percent  of  the  individuals  in  the  group  (there¬ 
fore,  for  selenium  the  RDA  is  120  percent  of  the  EAR).  The  calcu¬ 
lated  RDA  is  rounded  to  the  nearest  5  pg. 

RDA  for  Pregnancy 

14-18  years  60  pg  (0.76  pmol)/day  of  selenium 

19-30  years  60  pg  (0.76  pmol)/day  of  selenium 

31-50  years  60  pg  (0.76  pmol)/day  of  selenium 

Lactation 

Evidence  Considered  in  Estimating  the  Average  Requirement 

As  previously  noted,  human  milk  selenium  concentration  appears 
to  be  about  18  pg  (0.23  pmol)/L  in  Canada  and  the  United  States 
(Levander  et  al.,  1987;  Mannan  and  Picciano,  1987;  Shearer  and 
Hadjimarkos,  1975;  Smith  et  al.,  1982).  The  average  daily  milk  con¬ 
sumption  in  months  2  to  6  of  lactation  by  infants  is  0.78  L,  so  the 
average  amount  of  selenium  secreted  in  milk  would  be  14  pg  (0.18 
pmol)  / day.  Since  most  selenium  in  human  milk  is  present  as  sele¬ 
nomethionine,  which  has  a  bioavailability  greater  than  90  percent 
(Thomson  and  Robinson,  1980),  no  adjustment  is  made  for  absorp¬ 
tion.  Therefore  an  increment  of  14  pg  (0.18  pmol) /day  of  selenium 
over  the  adult  EAR  is  set  for  lactation. 

Although  the  amount  of  selenium  in  human  milk  varies  with  the 
mother’s  selenium  intake,  mean  intakes  as  low  as  4.7  pg  (60  nmol)/ 
day  selenium  in  exclusively  human  milk-fed  infants  in  Finland  are 
not  associated  with  selenium  deficiency  symptoms  (Kumpulainen  et 
al.,  1983). 

Selenium  EAR  and  RDA  Summary,  Lactation 

To  estimate  the  EAR  for  lactation,  14  pg  (0.18  pmol)/day  of  sele¬ 
nium  is  added  to  the  EAR  of  45  pg/day  for  the  nonpregnant  and 
nonlactating  woman,  giving  an  EAR  of  59  pg  (0.75  pmol) /day.  No 
distinction  is  made  for  bioavailability  or  age  of  the  mother. 

EAR  for  Lactation 

14-18  years  59  pg  (0.75  pmol)/day  of  selenium 

19-30  years  59  pg  (0.75  pmol)/day  of  selenium 

31-50  years  59  pg  (0.75  pmol)/day  of  selenium 
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The  RDA  for  selenium  is  set  by  assuming  a  coefficient  of  variation 
(CV)  of  10  percent  (see  Chapter  1)  because  information  is  not  avail¬ 
able  on  the  standard  deviation  of  the  requirement  for  selenium;  the 
RDA  is  defined  as  equal  to  the  EAR  plus  twice  the  CV  to  cover  the 
needs  of  97  to  98  percent  of  the  individuals  in  the  group  (there¬ 
fore,  for  selenium  the  RDA  is  120  percent  of  the  EAR).  The  calcu¬ 
lated  RDA  is  rounded  to  the  nearest  5  pg. 

RDA  for  Lactation 

14-18  years  70  pg  (0.89  pmol)/day  of  selenium 

19-30  years  70  pg  (0.89  pmol)/day  of  selenium 

31-50  years  70  pg  (0.89  pmol)/day  of  selenium 

INTAKE  OF  SELENIUM 
Food  Sources 

The  selenium  content  of  food  varies  depending  on  the  selenium 
content  of  the  soil  where  the  animal  was  raised  or  the  plant  was 
grown:  organ  meats  and  seafood,  0.4  to  1.5  pg/g;  muscle  meats,  0.1 
to  0.4  pg/g;  cereals  and  grains,  less  than  0.1  to  greater  than  0.8  pg/ 
g;  dairy  products,  less  than  0.1  to  0.3  pg/g;  and  fruits  and  vegeta¬ 
bles,  less  than  0.1  pg/g  (WHO,  1987).  Thus  the  same  foodstuffs 
may  have  more  than  a  ten-fold  difference  in  selenium  content. 
Plants  do  not  appear  to  require  selenium  and  most  selenium  me¬ 
tabolism  by  plants  occurs  through  sulfur  pathways  in  which  seleni¬ 
um  substitutes  for  sulfur.  Thus,  plant  content  of  selenium  depends 
on  the  availability  of  the  element  in  the  soil  where  the  plant  was 
grown.  This  means  that  wheat  grown  in  a  low-selenium  soil  will  have 
a  low  selenium  content,  whereas  the  same  wheat  variety  grown  in  a 
high-selenium  soil  will  have  a  high  selenium  content.  For  this  rea¬ 
son,  food  tables  that  reflect  average  selenium  contents  are  unreli¬ 
able.  Much  plant  selenium  is  in  the  form  of  selenomethionine,  sele- 
nocysteine,  or  selenocysteine  metabolites.  Other  organic  forms  of 
the  element  are  known  to  exist,  including  some  that  have  not  yet 
been  identified. 

Unlike  plants,  animals  require  selenium.  Meat  and  seafood  are 
therefore  reliable  dietary  sources  of  selenium.  Meat  and  seafood 
contain  selenium  in  its  functional  form  as  selenoproteins.  Virtually 
all  animal  proteins  contain  selenomethionine  obtained  when  the 
animal  consumes  selenium  from  plants.  This  means  that  meat  var¬ 
ies  in  its  selenium  content  depending  largely  on  the  selenomethio¬ 
nine  intake  of  the  animal. 
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Dietary  Intake 


Intake  from  Food 

The  dietary  selenium  intakes  in  the  United  States  and  Canada 
have  been  estimated  in  several  studies.  A  detailed  evaluation  of  di¬ 
ets  consumed  by  22  Maryland  residents  (using  direct  selenium  anal¬ 
ysis)  indicated  that  selenium  intake  was  81  ±  41  (SD)  pg  (1.0  ±  0.5 
pmol)/day  (Welsh  et  al.,  1981) .  The  Food  and  Drug  Administration 
analyzed  food  items  purchased  in  different  regions  of  the  United 
States  over  the  period  1982  to  1991  and  calculated  dietary  selenium 
intake  from  those  results  (Pennington  and  Schoen,  1996).  The  me¬ 
dian  calculated  intake  was  87  pg  (1.1  pmol) /day  with  a  range  of  79 
to  104  pg  (1.0  to  1.3  pmol)/day  in  different  years.  These  results 
support  those  of  the  Maryland  study  generally,  but  do  not  provide 
an  indication  of  the  extremes  of  selenium  intake  in  the  United 
States. 

The  Third  National  Health  and  Nutrition  Examination  Survey 
(NHANES  III)  intake  data  (Appendix  Tables  C-6  and  C-7)  reported 
higher  median  selenium  intakes  of  106  pg  (1.3  pmol)/day  from 
food  and  108  pg  (1.4  pmol)/day  from  food  and  supplements  for  all 
individuals  based  on  dietary  recall  and  food  tables,  but  this  method 
has  low  accuracy  as  discussed  earlier.  Selenium  intake  in  Canada 
has  been  reported  to  be  somewhat  higher  than  U.S.  intake,  113  to 
220  pg  (1.4  to  2.8  pmol)/day  (Thompson  et  al.,  1975). 

Dietary  intake  of  selenium  varies  tremendously  among  different 
populations.  Factors  that  affect  the  intake  include  the  geographic 
origin  of  the  food  items  and  the  meat  content  of  the  diet.  The 
lowest  selenium  intakes  are  in  populations  that  eat  vegetarian  diets 
consisting  of  plants  grown  in  low-selenium  areas.  Selenium-deficient 
Chinese  populations  live  in  low-selenium  areas  and  are  generally 
too  poor  to  eat  meat  or  to  purchase  food  grown  in  other  regions. 
Dietary  intake  of  selenium  in  the  United  States  and  Canada  varies 
by  region  but  is  buffered  by  the  food  distribution  system.  Thus, 
extensive  transport  of  food  throughout  Canada  and  the  United 
States  prevents  low-selenium  geographic  areas  from  having  low  di¬ 
etary  selenium  intakes. 

Intake  from  Water 

Drinking  water  has  been  analyzed  in  the  United  States  and  several 
countries  and  does  not  supply  nutritionally  significant  amounts  of 
selenium  (Bratakos  et  al.,  1988;  NRC,  1980a;  Robberecht  et  al., 
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1983).  Tap  water  is  routinely  used  throughout  the  United  States 
and  Canada  to  raise  selenium-deficient  experimental  animals.  This 
is  evidence  that  it  contains  very  little  selenium.  In  specific  locales, 
however,  water  wells  have  been  shown  to  supply  much  greater 
amounts  of  selenium.  This  is  thought  to  result  from  irrigation  prac¬ 
tices,  mining,  or  the  presence  of  selenium-containing  rocks  (Valen¬ 
tine  et  al.,  1978).  Such  high-selenium  water  supplies  appear  to  be 
very  limited  and  do  not  contribute  to  the  selenium  intake  of  large 
numbers  of  people  (NRC,  1976). 

Serum  Concentrations 

Information  from  NHANES  III  on  serum  selenium  concentrations 
in  a  free-living  population  is  given  in  Appendix  Table  F-3.  Serum  or 
plasma  selenium  concentrations  greater  than  the  0.8  to  1.1  pmol/L 
(7  to  9  pg/dL)  plateau  concentration  are  associated  with  maximiza¬ 
tion  of  plasma  selenoproteins  (Hill  et  al.,  1996).  The  NHANES  III 
median  serum  selenium  concentration  was  1.4  pmol/L  (12.4  pg/ 
dL)  for  17,630  subjects  aged  9  to  more  than  70  years.  The  first 
percentile  was  1.1  pmol/L  (9.5  pg/dL)  and  the  ninety-ninth  per¬ 
centile  was  1.9  pmol/L  (16.3  pg/dL).  This  shows  that  at  least  99 
percent  of  these  subjects  should  have  had  maximal  concentrations 
of  plasma  selenoproteins.  Thus,  the  NHANES  III  serum  data  and 
dietary  intake  data  (based  on  food  tables)  collected  from  1988  to 
1992  indicate  that  the  selenium  requirement  of  its  participants  was 
being  met. 


Intake  from  Supplements 

In  the  United  States  or  Canada,  food  is  generally  not  fortified 
with  selenium.  An  exception  is  proprietary  infant  formula  that  is 
designed  to  be  the  sole  source  of  nutrients  for  the  infant.  Commer¬ 
cial  formula  manufacturers  typically  add  selenium  to  ensure  that 
infants  consuming  them  will  have  an  adequate  selenium  intake. 
Total  selenium  intakes  from  food  plus  supplements  reported  in 
NHANES  III  are  found  in  Appendix  Table  C-7. 

Selenium  supplements  of  many  strengths  and  types  are  available 
for  purchase,  and  some  popular  multivitamin  preparations  contain 
selenium.  However,  according  to  NHANES  III,  selenium  intake 
from  both  food  (Appendix  Table  C-6)  and  food  plus  supplements 
(Appendix  Table  C-7)  is  above  the  EAR  for  most  age  groups  in  the 
United  States.  In  the  1986  National  Health  Interview  Survey,  9  per- 
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cent  of  all  adults  reported  use  of  supplements  containing  selenium 
(Moss  et  al.,  1989). 

TOLERABLE  UPPER  INTAKE  LEVELS 
Hazard  Identification 

The  Tolerable  Upper  Intake  Level  (UL)  is  the  highest  level  of 
daily  nutrient  intake  that  is  likely  to  pose  no  risk  of  adverse  health 
effects  in  almost  all  individuals.  Although  members  of  the  general 
population  should  be  advised  not  to  exceed  the  UL  for  selenium 
routinely,  intake  above  the  UL  may  be  appropriate  for  investigation 
within  well-controlled  clinical  trials.  In  light  of  evaluating  possible 
benefits  to  health,  clinical  trials  of  doses  above  the  UL  should  not 
be  discouraged,  as  long  as  subjects  participating  in  these  trials  have 
signed  informed  consent  documents  regarding  possible  toxicity  and 
as  long  as  these  trials  employ  appropriate  safety  monitoring  of  trial 
subjects.  Also,  the  UL  is  not  meant  to  apply  to  individuals  who  are 
receiving  selenium  under  medical  supervision. 

Adverse  Effects 

The  Tolerable  Upper  Intake  Level  (UL)  for  selenium  pertains  to 
selenium  intake  from  food  and  supplements.  As  discussed  earlier, 
drinking  water  does  not  contain  nutritionally  significant  amounts 
of  selenium.  The  data  on  chronic  selenosis,  acute  toxicity,  and  bio¬ 
chemical  indicators  of  toxicity  are  reviewed. 

Chronic  Selenosis.  Chronic  toxicity  of  selenium  has  been  studied 
in  animals  and  has  been  observed  in  humans.  The  limited  data 
available  in  humans  suggest  that  chronic  toxicities  from  inorganic 
and  organic  forms  have  similar  clinical  features  but  differ  in  rapidi¬ 
ty  of  onset  and  relationship  to  tissue  selenium  concentrations. 

The  most  frequently  reported  features  of  selenosis  (chronic  toxic¬ 
ity)  are  hair  and  nail  brittleness  and  loss  (Yang  et  al.,  1983).  Other 
reported  signs  include  gastrointestinal  disturbances,  skin  rash,  gar¬ 
lic  breath  odor  (caused  by  selenium  compounds),  fatigue,  irritabili¬ 
ty,  and  nervous  system  abnormalities  (CDC,  1984;  Helzlsouer  et  al., 
1985;  Jensen  et  al.,  1984;  Yang  et  al.,  1983;  G.-Q.  Yang  et  al.,  1989a). 

The  high  prevalence  of  selenosis  in  Enshi,  South  China,  provided 
an  opportunity  to  study  approximately  380  people  with  high  seleni¬ 
um  intakes  (Yang  and  Zhou,  1994;  G.-Q.  Yang  et  al.,  1989a,  1989b). 
Toxic  effects  occurred  with  increasing  frequency  in  people  with  a 
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blood  selenium  concentration  greater  than  12.7  pmol/L  (100  pg/ 
dL),  corresponding  to  a  selenium  intake  above  850  pg/day. 


Acute  Toxicity  Effects.  There  are  a  few  reports  in  the  literature  of 
acute  fatal  or  near-fatal  selenium  poisoning  with  either  accidental 
or  suicidal  ingestion  of  selenium,  usually  in  the  form  of  gun  blueing 
solution  or  sheep  drench.  Gun  blue  is  a  lubricant  solution  contain¬ 
ing  selenious  acid,  nitric  acid,  and  copper  nitrate  (Ruta  and  Haid¬ 
er,  1989).  Ingestion  of  this  liquid,  which  would  result  in  ingestion 
of  gram  quantities  of  selenium,  is  typically  followed  by  severe  gas¬ 
trointestinal  and  neurological  disturbances,  acute  respiratory  dis¬ 
tress  syndrome,  myocardial  infarction,  and  renal  failure  (Carter, 
1966;  Lombeck  et  al.,  1987;  Matoba  et  al.,  1986;  Nantel  et  al.,  1985; 
Pentel  et  al.,  1985).  Autopsy  revealed  necrosis  of  gut  and  kidney, 
cardiomyopathy,  and  severe  pulmonary  edema. 

Biochemical  Indicators  of  Selenium  Toxicity.  Biochemical  assessment 
of  high  selenium  intakes  is  more  difficult  than  assessment  of  low 
intakes.  The  selenoproteins  are  maximized  when  nutritional  re¬ 
quirements  of  the  element  have  been  met  and  do  not  rise  further 
with  additional  increments  in  selenium  intake.  Thus,  measurement 
of  selenoproteins  is  not  useful  in  assessing  potential  toxicity. 

Measurement  of  total  selenium  concentrations  in  tissue  (includ¬ 
ing  plasma  and  blood)  is  helpful  in  assessing  the  risk  of  toxicity 
from  dietary  selenium.  Chinese  investigators  have  correlated  blood 
selenium  concentrations  with  dietary  intakes  from  high-selenium 
foodstuffs  (Yang  and  Zhou,  1994). 

High  intakes  of  selenium  in  the  form  of  selenomethionine,  the 
major  form  of  selenium  in  food,  lead  to  large  increases  in  tissue 
selenium  concentrations.  These  increases  are  caused  by  the  ran¬ 
dom  incorporation  of  selenomethionine  into  proteins  in  place  of 
methionine  as  discussed  earlier.  In  contrast,  inorganic  forms  of  se¬ 
lenium,  usually  present  in  supplements,  typically  do  not  cause  such 
high  tissue  concentrations  because  these  forms  of  selenium  cannot 
enter  the  methionine  pool.  However,  inorganic  selenium  can  cause 
toxicity  at  tissue  levels  of  selenium  much  lower  than  seen  with  simi¬ 
lar  intakes  of  dietary  selenium  as  selenomethionine.  Severe  toxicity 
was  reported  from  selenite  ingestion  that  increased  blood  concen¬ 
trations  by  only  a  small  amount  (CDC,  1984).  Thus,  it  is  necessary 
to  know  the  chemical  form  of  selenium  being  ingested  in  order  to 
use  the  tissue  level  of  the  element  to  estimate  selenium  intake  due 
to  release  of  selenium  as  a  result  of  normal  protein  metabolism. 
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Incorporation  of  dietary  selenomethionine  into  protein  delays  se¬ 
lenium  toxicity.  This  storage  has  created  the  impression  that  pro¬ 
tein-bound  dietary  selenium  is  less  toxic  than  inorganic  selenium. 
Although  inorganic  selenium  has  greater  immediate  toxicity  than 
does  selenomethionine,  both  forms  are  likely  to  have  similar  toxici¬ 
des  under  conditions  of  chronic  intake. 

Methylated  selenium  metabolites  appear  in  the  breath  when  large 
quantities  of  the  element  are  ingested  (McConnell  and  Portman, 
1952).  These  metabolites  are  responsible  for  a  garlic  odor  of  the 
breath.  Measurement  of  excretory  metabolites  of  selenium,  whether 
urinary  or  breath,  is  subject  to  significant  error,  because  excretion 
by  these  routes  is  a  function  of  recent  intake  as  well  as  long-term 
selenium  status.  For  example,  selenium-deficient  rats  given  a  single 
large  dose  of  selenium  excrete  part  of  that  dose  in  the  breath  (Burk 
etal.,  1972).  In  addition,  quantitation  of  breath  selenium  excretion 
has  never  been  linked  to  selenium  toxicity.  Based  on  these  consider¬ 
ations,  breath  selenium  cannot  be  used  as  an  index  of  selenium 
toxicity  at  present,  and  urinary  selenium  excretion  can  be  used  as 
an  index  of  toxicity  only  under  carefully  controlled  conditions. 

Summary 

Based  on  considerations  of  causality,  relevance,  and  the  quality 
and  completeness  of  the  database,  hair  and  nail  brittleness  and  loss 
were  selected  as  the  critical  endpoints  on  which  to  base  a  UL.  Hair 
and  nail  brittleness  and  loss  have  been  reported  more  frequently 
than  other  signs  and  symptoms  of  chronic  selenosis.  Biochemical 
markers  have  too  much  variation  to  be  reliable  except  under  con¬ 
trolled  conditions. 


Dose-Response  Assessment 

Adults 

Data  Selection.  A  useful  data  set  for  determining  dose-response  of 
selenium  toxicity  from  food  sources  was  reported  by  Chinese  inves¬ 
tigators  (Yang  and  Zhou,  1994).  That  report  consisted  of  a  reexam¬ 
ination  (in  1992)  of  five  patients  previously  found  (in  1986)  to  have 
overt  signs  of  selenosis:  hair  loss  and  nail  sloughing.  Because  the 
same  patients  were  studied  at  different  times  while  consuming  the 
same  food  form  of  selenium,  blood  levels  of  selenium  can  be  com¬ 
pared  and  dietary  intakes  can  be  inferred  from  blood  selenium  con¬ 
centrations. 
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Identification  of  a  No-Observed- Adverse-Effect  Level  (NOAEL)  and  a 
Lowest-Observed-Adverse-Effects  Level  (LOAEL).  The  lowest  blood  level 
of  selenium  measured  in  the  five  subjects  at  initial  examination  was 
13.3  pmol/L  (105  pg/dL),  corresponding  to  a  selenium  intake  of 
913  pg  (12  pmol)/day  (range:  913  to  1,907  pg  [12  to  24  pmol]/ 
day).  The  average  blood  selenium  level  was  16.9  pmol/L  (135  pg/ 
dL).  At  the  time  of  reexamination  in  1992,  all  five  patients  were 
described  as  recovered  from  selenium  poisoning,  although  their 
fingernails  reportedly  appeared  brittle.  The  mean  blood  selenium 
level  had  decreased  to  12.3  pmol/L  (97  pg/dL),  corresponding  to  a 
selenium  intake  of  about  800  pg  (10  pmol) /day  (range  654  to  952 
pg  [8.3  to  12  pmol] /day).  The  lower  limit  of  the  95  percent  confi¬ 
dence  interval  was  600  pg  (7.6  pmol)  /day. 

Yang  and  Zhou  (1994)  therefore  suggested  that  913  pg  (12  pmol)  / 
day  of  selenium  intake  represents  an  individual  marginal  toxic  daily 
selenium  intake  or  LOAEL.  They  further  suggested  that  the  mean 
selenium  intake  upon  reexamination  (800  pg  [10  pmol] /day),  rep¬ 
resented  a  NOAEL,  while  600  pg  (7.6  pmol) /day  of  selenium  intake 
was  the  lower  95  percent  confidence  limit  for  the  NOAEL.  These 
values  appear  reasonable,  although  the  number  of  subjects  was 
small.  Nevertheless,  the  LOAEL  for  selenosis  in  this  small  data  set 
appears  to  be  representative  of  the  larger  data  set,  and  the  reexam¬ 
ination  of  the  subjects  provides  valuable  dose-response  data.  Uncer¬ 
tainty  occurs  because  of  the  smallness  of  the  data  set  and  because 
the  Chinese  subjects  may  not  be  typical  (e.g.,  they  may  be  more  or 
less  sensitive  to  selenium  than  other  populations) . 

Longnecker  et  al.  (1991)  studied  142  ranchers,  both  men  and 
women,  from  eastern  Wyoming  and  western  South  Dakota  who  were 
recruited  to  participate  and  were  suspected  of  having  high  seleni¬ 
um  intakes  based  on  the  occurrence  of  selenosis  in  livestock  raised 
in  that  region.  Average  selenium  intake  was  239  pg  (3  pmol) /day. 
Dietary  intake  and  selenium  in  body  tissues  (whole  blood,  serum, 
urine,  toenails)  were  highly  correlated.  Blood  selenium  concen¬ 
trations  in  this  western  U.S.  population  were  related  to  selenium 
intake  in  a  similar  manner  to  that  found  in  the  Chinese  studies, 
presumably  because  the  form  of  selenium  ingested  was  seleno¬ 
methionine.  No  evidence  of  selenosis  was  reported,  nor  were  there 
any  alterations  in  enzyme  activities,  prothrombin  times,  or  hematol¬ 
ogy  that  could  be  attributed  to  selenium  intake.  The  highest  seleni¬ 
um  intake  in  the  study  was  724  pg  (9  pmol) /day. 

It  thus  appears  that  a  UL  based  on  the  Chinese  studies  is  protec¬ 
tive  for  the  population  in  the  United  States  and  Canada.  Therefore 
a  NOAEL  of  800  pg  (10  pmol) /day  is  selected. 
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Uncertainty  Assessment.  An  uncertainty  factor  (UF)  of  2  was  se¬ 
lected  to  protect  sensitive  individuals.  The  toxic  effect  is  not  severe, 
but  may  not  be  readily  reversible,  so  a  UF  greater  than  1  is  needed. 

Derivation  of  a  UL.  The  NOAEL  of  800  pg/day  was  divided  by  a 
UF  of  2  to  obtain  a  UL  for  adults  as  follows: 

NOAEL  =  800,g/day=40 

UF  2 

Selenium  UL  Summary i.  Ages  1 9  Years  and  Older 

UL  for  Adults 

19  years  and  older  400  pg  (5.1  pmol)/day  of  selenium 

Pregnancy  and  Lactation 

Bratter  et  al.  (1996)  studied  the  effects  of  selenium  intake  on 
metabolism  of  thyroid  hormones  in  lactating  mothers  in  selenifer- 
ous  regions  in  the  foothills  of  the  Venezuelan  Andes.  Selenium  in¬ 
takes  ranged  from  170  to  980  pg  (2.2  to  12.4  pmol)/day.  An  inverse 
correlation  between  selenium  intake  and  free  triiodothyronine 
(FT3)  was  observed,  but  ail  values  were  found  to  be  within  the  nor¬ 
mal  range. 

There  are  no  reports  of  teratogenicity  or  selenosis  in  infants  born 
to  mothers  with  high  but  not  toxic  intakes  of  selenium.  Therefore, 
ULs  for  pregnant  and  lactating  women  are  the  same  as  for  nonpreg¬ 
nant  and  nonlactating  women  (400  pg  [5.1  pmol]/day). 

Selenium  UL  Summary ,  Pregnancy  and  Lactation 

UL  for  Pregnancy 
14-18  years 
19  years  and  older 
UL  for  Lactation 
14-18  years 
19  years  and  older 

Infants  and  Children 

Data  Selection.  There  are  several  approaches  for  estimating  a  UL 
in  human  milk-fed  infants  (Levander,  1989).  However,  the  most 
conservative  approach  is  to  use  the  data  of  Shearer  and  Hadjimar- 
kos  (1975). 


400  pg  (5.1  pmol)/day  of  selenium 
400  pg  (5.1  pmol)/day  of  selenium 

400  pg  (5.1  pmol)/day  of  selenium 
400  pg  (5.1  pmol)/day  of  selenium 
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Identification  of  a  NOAEL.  The  data  of  Shearer  and  Hadjimarkos 
(1975)  showed  that  a  human  milk  selenium  concentration  of  60  }ig 
(0.8  pmol)/L  was  not  associated  with  known  adverse  effects.  Thus, 
60  pg  (0.8  pmol) /L  is  the  NOAEL  selected.  Multiplying  the  NOAEL 
for  infants  0  through  6  months  of  age  by  the  estimated  average 
intake  of  human  milk  of  0.78  L/day  results  in  a  NOAEL  of  47  pg 
(0.6  pmol)  or  approximately  7  pg  (90  nmol)/kg/day.  This  is  in 
agreement  with  another  study  by  Bratter  et  al.  (1991). 

Bratter  et  al.  (1991)  studied  effects  of  selenium  intake  on  chil¬ 
dren  in  two  seleniferous  areas  of  the  foothills  of  the  Venezuelan 
Andes,  using  Caracas  as  a  control.  Mean  human  milk  selenium  con¬ 
tent  was  46  pg  (0.6  pmol)  /L  in  Caracas  compared  to  60  and  90  pg 
(0.8  and  1.1  pmol)/L  in  the  two  seleniferous  areas.  Mean  selenium 
concentrations  in  infant  blood  in  the  area  with  the  highest  adult 
selenium  intake  were  reported  to  be  intermediate  between  those 
seen  in  the  seleniferous  and  the  nonseleniferous  regions. 

Uncertainty  Assessment.  There  is  no  evidence  that  maternal  intake 
associated  with  a  human  milk  level  of  60  pg  (0.8  pmol)/L  results  in 
infant  or  maternal  toxicity  (Shearer  and  Hadjimarkos,  1975).  There¬ 
fore,  a  UF  of  1  is  specified. 

Derivation  of  a  UL.  The  NOAEL  of  47  pg  (0.6  pmol) /day  was 
divided  by  a  UF  of  1,  resulting  in  a  UL  of  47  pg  (0.6  pmol)  or 
approximately  7  pg  (90  nmol)/kg/day  for  2  through  6-month-old 
infants.  Thus,  the  infant  UL  and  the  adult  UL  are  similar  on  a  body 
weight  basis.  Also,  there  is  no  evidence  indicating  increased  sensitiv¬ 
ity  to  selenium  toxicity  for  any  age  group.  Thus,  the  UL  of  7  pg/kg 
body  weight/day  was  adjusted  for  older  infants,  children,  and  ado¬ 
lescents  on  the  basis  of  relative  body  weight  as  described  in  Chapter 
4  using  reference  weights  from  Chapter  1  (Table  1-1).  Values  have 
been  rounded  down  to  the  nearest  5  pg. 


Selenium  UL  Summary ,  Ages  0  Months  through  18  Years 


UL  for  Infants 

0-6  months 
7~  12  months 
UL  for  Children 
1-3  years 
4-8  years 
9-13  years 
UL  for  Adolescents 
14-18  years 


45  pg  (0.57  pmol)/day  of  selenium 
60  pg  (0.76  pmol)/day  of  selenium 

90  pg  (1.1  pmol)/day  of  selenium 
150  pg  (1.9  pmol)/day  of  selenium 
280  pg  (3.6  pmol)/day  of  selenium 

400  pg  (5.1  pmol)/day  of  selenium 
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Intake  Assessment 

Selenium  intake  is  primarily  in  the  form  of  food.  Reliance  on 
foods  grown  in  high-selenium  areas  causes  selenosis  in  China  (Yang 
et  al.,  1983).  There  are  high-selenium  areas  in  the  United  States, 
but  the  U.S.  Department  of  Agriculture  has  identified  them  and 
proscribed  their  use  for  raising  animals  for  food.  The  extensive  food 
distribution  system  in  Canada  and  the  United  States  ensures  that 
individuals  do  not  eat  diets  that  originate  solely  from  one  locality. 
This  moderates  the  selenium  content  of  diets,  even  in  high-seleni- 
um  areas. 

The  study  of  dietary  selenium  intake  in  a  high-selenium  area  (west¬ 
ern  South  Dakota  and  eastern  Wyoming)  indicated  daily  intakes  of 
68  to  724  pg  (0.9  to  9.2  pmol)  in  142  subjects  (Longnecker  et  al., 
1991).  About  half  the  subjects  were  consuming  more  than  200  pg 
(2.5  pmol)/day.  No  evidence  of  selenosis  was  found,  even  in  the 
subjects  consuming  the  most  selenium. 

Water  selenium  content  is  usually  trivial  compared  to  food  seleni¬ 
um  content.  However,  irrigation  runoff  water  has  been  shown  to 
contain  significant  amounts  of  selenium  when  the  soil  irrigated  con¬ 
tains  large  amounts  of  the  element  (Valentine  et  al.,  1978). 

Selenium  is  available  over  the  counter  in  many  doses  but  usually 
under  100  pg  (1.3  pmol)/dose.  Some  individuals  may  consume  larg¬ 
er  quantities  than  are  recommended  by  the  manufacturer.  At  least 
one  manufacturing  error  has  been  reported  to  have  led  to  selenium 
intoxication  in  13  people  who  took  a  selenium  supplement  contain¬ 
ing  27.3  mg,  several  hundred  times  the  amount  of  selenium  stated 
to  be  in  the  product  (Helzlsouer  et  al.,  1985). 

Risk  Characterization 

The  risk  of  selenium  intake  above  the  UL  for  the  U.S.  and  Cana¬ 
dian  populations  appears  to  be  small.  There  is  no  known  selenifer- 
ous  area  in  the  United  States  and  Canada  where  there  have  been 
recognized  cases  of  selenosis. 

Specifically  as  noted  above,  there  have  been  no  cases  of  selenosis 
in  the  high-selenium  areas  of  Wyoming  and  South  Dakota  (Long¬ 
necker  et  al.,  1991).  There  is  some  potential  for  selenium  intake  to 
exceed  the  UL  in  this  area.  These  authors  note  that  selenium  intake 
exceeded  400  pg  (5.1  pmol)/day  in  12  subjects,  with  the  highest 
intake  being  724  pg  (9.2  pmol)/day.  Since  724  pg  (9.2  pmol) /day  is 
3.4  standard  deviations  above  the  mean  intake,  intakes  this  high 
would  be  very  rare.  Even  at  this  level,  toxic  effects  would  be  unlike- 
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ly,  since  the  LOAEL  is  about  900  pg  (11.4  pmol)/day,  and  many 
people  would  not  be  affected  even  at  this  level  of  intake. 

Although  intakes  above  the  UL  indicate  an  increased  level  of  risk, 
these  intakes — if  below  the  LOAEL — would  nevertheless  be  unlike¬ 
ly  to  result  in  observable  clinical  disease.  This  is  especially  true  in  a 
population  that  could  self-select  for  high  intake,  so  that  people  who 
might  experience  symptoms  could  alter  their  diets  or  move.  In  light 
of  evaluating  possible  benefits  to  health,  clinical  trials  at  doses  of 
selenium  above  the  UL  should  not  be  discouraged,  as  long  as  sub¬ 
jects  participating  in  these  trials  have  signed  informed  consent  doc¬ 
uments  regarding  possible  toxicity  and  as  long  as  these  trials  em¬ 
ploy  appropriate  safety  monitoring  of  trial  subjects.  Also,  the  UL  is 
not  meant  to  apply  to  individuals  who  are  receiving  selenium  under 
medical  supervision. 

RESEARCH  RECOMMENDATIONS  FOR  SELENIUM 

•  Biomarkers  for  use  in  assessment  of  selenium  status  are  need¬ 
ed  to  prevent  selenium  deficiency  and  selenium  toxicity.  The  rela¬ 
tionship  of  plasma  selenoprotein  concentrations  to  graded  seleni¬ 
um  intakes  must  be  studied  in  a  severely  selenium-deficient 
population  in  order  to  establish  a  more  precise  dietary  selenium 
requirement.  Plasma  selenium  levels  (and  other  measurements  of 
the  element)  have  to  be  carried  out  in  subjects  fed  levels  of  seleni¬ 
um  (both  organic  and  inorganic  forms)  up  to  the  Tolerable  Upper 
Intake  Level  (UL).  This  could  validate  use  of  plasma  selenium  con¬ 
centrations  to  assess  high  levels  of  selenium  intake. 

•  Since  the  Recommended  Dietary  Allowances  (RDAs)  for  chil¬ 
dren  ages  1  through  18  years  are  extrapolated  from  the  adult  RDAs, 
it  is  critically  important  to  conduct  large-scale  studies  with  children 
using  state-of-the-art  biomarkers  to  assess  their  selenium  require¬ 
ments. 

•  Selenium  functions  largely  through  selenoproteins.  Although 
the  functions  of  some  selenoproteins  are  known,  those  of  others 
are  not.  Moreover,  there  appear  to  be  a  number  of  selenoproteins 
that  have  not  yet  been  characterized.  Therefore,  the  functions  of 
known  and  new  selenoproteins  need  to  be  determined. 

•  At  present  the  recommendation  for  selenium  intake  has  been 
set  at  the  amount  needed  to  achieve  a  plateau  of  the  plasma  seleno¬ 
protein  glutathione  peroxidase.  Most  residents  in  Canada  and  the 
United  States  can  reach  this  level  of  selenium  intake  with  their  usu¬ 
al  diet,  but  residents  of  many  regions  of  the  world  have  lower  seleni¬ 
um  intakes.  Research  is  needed  to  determine  the  health  conse- 


SELENIUM 


319 


quences  of  selenium  intakes  inadequate  to  allow  full  selenoprotein 
expression. 

•  Limited  evidence  has  been  presented  that  intakes  of  seleni¬ 
um  greater  than  the  amount  needed  to  allow  full  expression  of 
selenoproteins  may  have  chemopreventive  effects  against  cancer. 
Controlled  intervention  studies  are  needed  to  fully  evaluate  seleni¬ 
um  as  a  cancer  chemopreventive  agent. 
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(3-Carotene  and  Other 
Carotenoids 


SUMMARY 

Blood  concentrations  of  carotenoids  are  the  best  biological  markers 
for  consumption  of  fruits  and  vegetables.  A  large  body  of  observa¬ 
tional  epidemiological  evidence  suggests  that  higher  blood  con¬ 
centrations  of  p-carotene  and  other  carotenoids  obtained  from 
foods  are  associated  with  lower  risk  of  several  chronic  diseases. 
This  evidence,  although  consistent,  cannot  be  used  to  establish  a 
requirement  for  P-carotene  or  carotenoid  intake  because  the  ob¬ 
served  effects  may  be  due  to  other  substances  found  in  carotenoid- 
rich  food,  or  to  other  behavioral  correlates  of  increased  fruit  and 
vegetable  consumption.  While  there  is  evidence  that  p-carotene  is 
an  antioxidant  in  vitro,  its  importance  to  health  is  not  known.  The 
one  clear  function  of  certain  carotenoids  that  is  firmly  linked  to  a 
health  outcome  is  the  provitamin  A  activity  of  some  dietary  caro¬ 
tenoids  (a-carotene,  P-carotene,  and  p-cryptoxanthin)  and  their 
role  in  the  prevention  of  vitamin  A  deficiency.  Establishment  of  a 
requirement  for  carotenoids  based  upon  vitamin  A  activity  must 
be  done  in  concert  with  the  evaluation  of  Dietary  Reference  In¬ 
takes  (DRIs)  for  vitamin  A,  which  was  not  included  in  this  report, 
but  will  be  addressed  in  a  subsequent  DRI  report.  Although  no 
DRIs  are  proposed  for  P-carotene  or  other  carotenoids  at  the 
present  time,  existing  recommendations  for  increased  consump¬ 
tion  of  carotenoid-rich  fruits  and  vegetables  are  supported.  Based 
on  evidence  that  p-carotene  supplements  have  not  been  shown  to 
confer  any  benefit  for  the  prevention  of  the  major  chronic  diseases 
and  may  cause  harm  in  certain  subgroups,  it  is  concluded  that  P- 
carotene  supplements  are  not  advisable,  other  than  as  a  provitamin 
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A  source  and  for  the  prevention  and  control  of  vitamin  A  deficiency 
in  at-risk  populations. 


BACKGROUND  INFORMATION 

The  most  prevalent  carotenoids  in  North  American  diets  include 
the  following:  a-carotene,  p-carotene,  lycopene,  lutein,  zeaxanthin, 
and  (3-cryptoxanthin.  The  structures  of  these  carotenoids  are  shown 
in  Figure  8-1.  Three  of  these  carotenoids,  namely  a-carotene,  P- 
carotene,  and  p-cryptoxanthin,  can  be  converted  into  retinol  and 
are  thus  referred  to  as  provitamin  A  carotenoids.  Lycopene,  lutein, 
and  zeaxanthin  have  no  vitamin  A  activity  and  are  thus  referred  to 
as  nonprovitamin  A  carotenoids.  Most  naturally  occurring  caro¬ 
tenoids  are  in  the  a/Z-^ram-configuration;  but  under  conditions  of 
heating,  for  example,  as-isomers  such  as  1 3-a.5-p-carotene  (Figure  8-1) 
are  formed. 


Functions  and  Actions 

The  various  biological  effects  of  carotenoids  can  be  classified  into 
functions,  actions,  and  associations.  Carotenoids  function  in  plants 
and  in  photosynthetic  bacteria  as  accessory  pigments  in  photosyn¬ 
thesis  and  protect  against  photosensitization  in  animals,  plants,  and 
bacteria.  In  humans,  the  only  known  function  of  carotenoids  is  vita¬ 
min  A  activity  (provitamin  A  carotenoids  only). 

Carotenoids  also  are  thought  to  have  a  variety  of  different  actions, 
including  possible  antioxidant  activity,  immunoenhancement,  inhi¬ 
bition  of  mutagenesis  and  transformation,  inhibition  of  premalig- 
nant  lesions,  quenching  of  nonphotochemical  fluorescence,  and 
activity  as  a  pigment  in  primate  macula  (Olson,  1999).  Carotenoids 
have  also  been  associated  with  various  health  effects:  decreased  risk 
of  macular  degeneration  and  cataracts,  decreased  risk  of  some  can¬ 
cers,  and  decreased  risk  of  some  cardiovascular  events  (Olson,  1999) . 

However,  as  described  above,  the  only  known  function  of  carotenoids 
in  humans  is  to  act  as  a  source  of  vitamin  A  in  the  diet.  This  function, 
as  well  as  carotenoid  actions  and  associations,  is  reviewed  elsewhere 
(Krinsky,  1993;  Olson,  1989)  and  discussed  in  subsequent  sections. 


Physiology  of  Absorption,  Metabolism,  and,  Excretion 
Absorption 

The  intestinal  absorption  of  dietary  carotenoids  is  facilitated  by 
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the  formation  of  bile  acid  micelles.  The  hydrocarbon  backbone  of 
the  carotenoids  makes  them  insoluble  in  water,  and  like  other  non¬ 
polar  lipids,  they  must  be  solubilized  within  micelles  in  the  gas¬ 
trointestinal  tract  to  allow  for  absorption.  Micellar  solubilization 
facilitates  the  diffusion  of  lipids  across  the  unstirred  water  layer. 
The  presence  of  fat  in  the  small  intestine  stimulates  the  secretion  of 
bile  acids  from  the  gall  bladder  and  improves  the  absorption  of 
carotenoids  by  increasing  the  size  and  stability  of  micelles,  thus  al¬ 
lowing  more  carotenoids  to  be  solubilized.  The  uptake  of  (3-caro- 
tene  by  the  mucosal  cell  is  believed  to  occur  by  passive  diffusion 
(Hollander  and  Ruble,  1978).  Uptake  by  these  cells,  however,  is  not 
sufficient  for  absorption  to  be  completed.  Once  inside  the  mucosal 
cell,  carotenoids  or  their  metabolic  products  (e.g.,  vitamin  A)  must 
also  be  incorporated  into  chylomicrons  and  released  into  the  lym¬ 
phatics.  When  mucosal  cells  are  sloughed  off  due  to  cell  turnover, 
spilling  their  contents  into  the  lumen  of  the  gastrointestinal  tract, 
carotenoids  that  have  been  taken  up  by  the  cells  but  not  yet  incor¬ 
porated  into  chylomicrons  are  lost  into  the  lumen  (Boileau  et  al., 
1999). 

Metabolism ,  Transport,  and  Excretion 

Carotenoids  may  be  either  absorbed  intact,  or  in  the  case  of  those 
possessing  vitamin  A  activity,  cleaved  to  form  vitamin  A  prior  to 
secretion  into  lymph.  Portal  transport  of  carotenoids  is  minimal 
due  to  the  lipophilic  nature  of  their  structures.  Some  portal  trans¬ 
port  of  more  polar  metabolites,  such  as  retinoic  acid,  can  occur 
(Olson,  1999). 

Carotenoid  cleavage  is  accomplished  either  by  the  intestinal  mu¬ 
cosal  enzyme  (3-carotene  15,15'-dioxygenase  (EC  1.13.11.21)  or  by 
noncentral  cleavage  mechanisms  (Boileau  et  al.,  1999;  Olson,  1999; 
Parker,  1996;  Wang,  1994).  The  extent  of  conversion  of  a  highly 
bioavailable  source  of  dietary  (3-carotene  to  vitamin  A  in  humans 
has  been  shown  to  be  between  60  and  75  percent,  with  an  addition¬ 
al  15  percent  of  the  (3-carotene  absorbed  intact  (Goodman  et  al., 
1966).  However,  absorption  of  most  carotenoids  from  foods  is  con¬ 
siderably  lower  and  can  be  as  low  as  2  percent  (Rodriguez  and  Ir¬ 
win,  1972).  The  effects  of  dietary  and  nondietary  factors  on  the 
efficiency  of  carotenoid  absorption  are  reviewed  later. 

Noncentral  (or  excentric)  cleavage  of  carotenoids  yields  a  wide 
variety  of  metabolic  products,  some  of  which  are  further  metabo¬ 
lized.  These  cleavage  products  include  aldehyde,  acid,  alcohol,  and 
epoxide  derivatives  (Parker,  1996;  Wang,  1994).  Isomerization  of 
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carotenoids  or  their  metabolic  products  may  occur  in  vivo  because 
isomers  have  been  found  upon  extraction  of  carotenoids  from  hu¬ 
man  tissues  (Clinton  et  al.,  1996).  Although  little  attention  has  been 
given  to  the  study  of  carotenoid  excretion  pathways,  epoxides  and 
carotenoid  metabolic  products  with  less  than  15  carbon  chain 
lengths  would  presumably  have  no  vitamin  A  activity.  It  is  assumed 
that  bile  and  urine  would  be  excretion  routes  for  metabolites  (Ol¬ 
son,  1999). 

The  carotenoids  are  transported  in  blood  exclusively  by  lipopro¬ 
teins.  The  carotenoid  content  of  individual  lipoprotein  classes  is 
not  homogeneous.  In  the  fasted  state,  the  hydrocarbon  carotenoids 
such  as  a-carotene,  (3-carotene,  and  lycopene  are  carried  predomi¬ 
nantly  by  low-density  lipoprotein.  The  remaining  carotenoids,  in¬ 
cluding  the  more  polar  xanthophylls  such  as  lutein  and  zeaxanthin, 
are  carried  by  high-density  lipoprotein  (HDL)  and,  to  a  lesser 
extent,  by  very  low-density  lipoprotein  (Johnson  and  Russell,  1992; 
Parker,  1996;  Traber  et  al.,  1994).  It  is  thought  that  (3-carotene  and 
other  hydrocarbon  carotenoids  reside  in  the  hydrophobic  core  of 
the  particles,  whereas  the  more  polar  xanthophylls  reside  closer  to 
the  surface  (Parker,  1996). 

(3-Carotene  is  the  most  studied  carotenoid  in  terms  of  metabolism 
and  its  potential  effects  on  health.  Lycopene,  lutein,  zeaxanthin, 
and  a-carotene  have  received  increasing  attention  in  recent  years. 
Much  remains  to  be  learned,  however,  about  the  relative  metabolic 
effects  of  these  carotenoids. 

Body  Stores 

Recently,  34  carotenoids  were  identified  in  human  serum  and 
milk  (Khachik  et  al.,  1997b).  Of  these,  13  were  geometrical  isomers 
of  their  all-trans  parent  structures  and  8  were  metabolites.  This  find¬ 
ing  is  in  contrast  to  the  up  to  50  carotenoids  that  have  been  identi¬ 
fied  in  the  U.S.  diet  and  the  more  than  600  found  in  nature.  The 
most  prevalent  carotenoids  in  human  serum  (Khachik  et  al.,  1997b) 
are  the  same  as  those  most  commonly  found  in  the  diet:  (3-carotene, 
lycopene,  and  lutein  (Nebeling  et  al.,  1997).  Cw-isomers  of  lyco¬ 
pene  are  commonly  found  in  the  serum  and  in  fact  have  been 
shown  to  constitute  more  than  50  percent  of  the  total  serum  lyco¬ 
pene  (Stahl  et  al.,  1992).  In  contrast,  ds-isomers  of  (3-carotene  are 
considerably  less  common  in  serum  with  the  frrms-isomers  being 
more  common.  In  addition  to  these  forms  of  a-carotene,  (3-car o- 
tene,  lycopene,  and  zeaxanthin  are  also  major  serum  carotenoids. 
The  concentrations  of  various  carotenoids  in  human  serum  and 
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tissues  are  highly  variable  and  likely  depend  on  a  number  of  factors 
such  as  food  sources,  efficiency  of  absorption,  amount  of  fat  in  the 
diet,  and  so  forth  (Table  8-1). 

The  serum  concentration  of  carotenoids  after  a  single  dose  peaks 
at  24  to  48  hours  post  dose  (Johnson  and  Russell,  1992).  The  earli¬ 
est  postprandial  serum  appearance  of  carotenoids  is  in  the  chylomi¬ 
cron  fraction.  It  has  been  proposed  that  the  increase  in  carotenoids 
in  the  triglyceride-rich  lipoprotein  fraction  (primarily  chylomi¬ 
crons)  be  used  for  quantitating  carotenoid  absorption  (van  Vliet  et 
al.,  1995).  This  would  provide  a  more  direct  measure  of  absorption 
because  total  serum  carotenoid  content  is  not  an  exclusive  measure 
of  newly  absorbed  carotenoids. 

Data  from  the  Third  National  Health  and  Nutrition  Examination 
Survey  (NHANES  III)  demonstrate  the  variability  of  normal  serum 
carotenoid  concentrations  (Appendix  Tables  F-4  through  F-8).  This 
variability  is  attributed  to  a  variety  of  life-style  and  physiological  fac¬ 
tors.  In  a  recent  population-based  study,  Brady  et  al.  (1996)  report¬ 
ed  that  lower  serum  concentrations  of  a-carotene,  p-carotene,  P- 
cryptoxanthin,  lutein,  and  zeaxanthin,  but  not  lycopene,  were 
generally  associated  with  male  gender,  smoking,  younger  age,  lower 
non-HDL  cholesterol,  greater  ethanol  consumption,  and  higher 
body  mass  index. 

The  delivery  of  carotenoids  to  extrahepatic  tissue  is  accomplished 
through  the  interaction  of  lipoprotein  particles  with  receptors  and 
the  degradation  of  lipoproteins  by  extrahepatic  enzymes  such  as 
lipoprotein  lipase.  Carotenoids  are  present  in  a  number  of  human 
tissues  including  adipose,  liver,  kidney,  and  adrenal,  but  adipose 
tissue  and  liver  appear  to  be  the  main  storage  sites  (Parker,  1996). 
However,  based  on  a  wet  tissue  weight,  the  liver,  adrenal  gland,  and 
testes  contain  the  highest  per-gram  concentrations  (Stahl  et  al., 
1992).  Similar  to  what  is  reported  in  serum,  P-carotene,  lutein,  and 
lycopene  are  the  main  tissue  carotenoids,  although  a-carotene,  p- 
cryptoxanthin,  and  zeaxanthin  are  also  present  (Boileau  et  al., 
1999).  In  contrast  to  serum  profiles,  9-cA-p-carotene  is  consistently 
present  in  storage  tissues.  In  both  serum  and  tissue  storage,  lyco¬ 
pene  cA-isomers  constitute  greater  than  50  percent  of  the  total  lyco¬ 
pene  present  (Clinton  et  al.,  1996;  Stahl  et  al.,  1992). 


Clinical  Effects  of  Inadequate  Intake 

If  adequate  retinol  is  provided  in  the  diet,  there  are  no  known 
clinical  effects  of  consuming  diets  low  in  carotenes  over  the  short 
term.  One  study  of  premenopausal  women  consuming  low-carotene 
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diets  in  a  metabolic  ward  reported  skin  lesions  (Burri  et  al.,  1993). 
However,  this  effect  was  not  observed  after  60  days  of  depletion  in  a 
subsequent  (3-carotene  depletion  study  by  the  same  group  of  investi¬ 
gators  (Lin  et  al.,  1998).  These  studies  of  carotene-deficient  diets 
were  reported  to  increase  various  measures  of  oxidative  susceptibil¬ 
ity  (Dixon  et  al.,  1994,  1998;  Lin  et  al.,  1998),  but  as  discussed  be¬ 
low,  this  is  of  uncertain  relevance  with  regard  to  clinical  outcomes. 

SELECTION  OF  POSSIBLE  INDICATORS  FOR  ESTIMATING 
THE  REQUIREMENT  FOR  (3-CAROTENE  AND  OTHER 
CAROTENOIDS 

Vitamin  A  Equivalency 

Vitamin  A  equivalency  is  a  possible  indicator  for  establishing  re¬ 
quirements  for  provitamin  A  carotenoids.  However,  any  such  es¬ 
tablishment  of  requirements  for  carotenoids  based  on  vitamin  A 
activity  must  be  considered  in  concert  with  the  evaluation  of  re¬ 
quirements  for  vitamin  A.  This  information  will  be  presented  in  a 
later  Dietary  Reference  Intakes  report. 

Markers  of  Antioxidant  Activity 

The  effect  of  increasing  (3-carotene  intake  on  several  markers  of 
antioxidant  activity  has  been  investigated  in  a  series  of  studies  in¬ 
volving  humans.  These  studies  have  examined  antioxidant  marker 
activity  in  apparently  healthy  men  and  women  as  well  as  in  subjects 
who  were  physiologically  challenged  (i.e.,  smokers  and  patients  with 
coronary  disease  or  cystic  fibrosis) . 

Studies  of  the  effect  of  (3-carotene  intake  on  measures  of  antioxi¬ 
dant  activity  are  summarized  in  Table  8-2.  The  dietary  source  of  13- 
carotene  ranged  from  modification  of  diets  with  normally  consumed 
foods  to  giving  supplements  that  provided  as  much  as  120  mg/day 
of  a  highly  bioavailable  preparation.  In  general,  subjects  in  most 
studies  consumed  (3-carotene  in  amounts  that  would  be  difficult  to 
achieve  from  foods  alone  and,  as  a  result,  relate  to  the  pharmaco¬ 
logical  range  of  intakes. 

The  findings  reported  in  Table  8-2  indicate  that  (3-carotene  sup¬ 
plementation  did  not  alter,  or  inconsistently  alter,  markers  of  anti¬ 
oxidant  activity,  which  were  somewhat  dependent  on  P-carotene 
intake.  In  studies  in  which  subjects  were  fed  less  than  25  mg/ day  of 
p-carotene,  either  from  foods  or  as  a  supplement,  changes  in  the 
markers  for  antioxidant  activity  were  minimal.  Exceptions  noted 
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TABLE  8-1  Concentrations  of  Selected  Carotenoids  in 
Human  Serum  and  Tissues 


Carotenoid 

Serum  (pmoI/L) 

Liver  (pmol/g) 

Oc-Carotene 

0.02-0.47 
(1.0-25.3  pg/dL) 

0.075-10.8 
(0.04-5.8  pg/g) 

(3-Carotene 

0.04-2.26 
(2.2-122.7  pg/dL) 

0.39-19.4 
(0.21-6.3  pg/g) 

(3-Cryptoxanthin 

0.03-0.70 
(1.4-38.2  pg/dL) 

0.037-20.0 
(0.05-11.0  pg/g) 

Lutein 

0.10-1.23 
(5.8-69.8  pg/dL) 

0.10-3.0 
(0.06-6.9  pg/g) 

Lycopene 

0.05-1.05 
(2.7-54.6  pg/dL) 

0.20-17.2 

(0.11-11.1  pg/g) 

SOURCE:  Data  from  Schmitz  et  al.  (1991)  and  Kaplan  et  al.  (1990)  for  tissues 
and  Iowa  State  University  Department  of  Statistics  (1999)  for  serum. 


were  decreased  deoxyribonucleic  acid  strand  breaks  observed  when 
22  mg/day  of  P-carotene  was  administered  as  carrot  juice  (Pool- 
Zobel  et  al.,  1997)  and  lowered  copper-induced  oxidation  of  low- 
density  lipoprotein  when  12  or  24  mg/day  of  p-carotene  was  given 
along  with  vitamins  C  and  E  (Mosca  et  al.,  1997).  As  shown  in  Table 
8-2,  feeding  p-carotene  in  amounts  greater  than  25  mg/day  gener¬ 
ally  resulted  in  inconsistent  responses  of  the  biological  markers 
monitored.  Administration  of  P-carotene  to  subjects  with  increased 
oxidative  stress  (e.g.,  smoking,  cystic  fibrosis)  was  associated  with 
more  consistent  evidence  of  decreased  lipid  peroxidation  compared 
to  studies  in  which  subjects  without  known  additional  oxidative 
stress  were  given  p-carotene.  In  studies  that  involved  depletion  fol¬ 
lowed  by  repletion  of  body  stores  of  P-carotene,  as  indicated  by 
plasma  concentrations,  the  biological  markers  that  were  negatively 
altered  as  a  result  of  depleted  body  stores  of  P-carotene  were  re¬ 
stored  to  baseline  values  as  a  consequence  of  repletion  (Table  8-2). 

In  summary,  results  from  some  studies  show  improvement  of  mea¬ 
sures  of  antioxidant  activity  due  to  intake  of  relatively  high  levels  of 
p-carotene,  while  studies  that  investigated  low  to  modest  levels  of  P- 
carotene  show  no  or  inconsistent  changes  in  the  same  activities. 
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Some  benefit  of  feeding  increased  amounts  of  p-carotene  was  ob¬ 
served  for  several  markers  of  antioxidant  activity  when  body  stores 
were  relatively  low  or  when  an  oxidant-type  stress  was  present.  These 
observations  suggest  that  the  lack  of  effect  in  some  studies  may  be 
due  to  study  populations  whose  baseline  P-carotene  status  was  al¬ 
ready  adequate.  Nevertheless,  current  data  do  not  provide  convinc¬ 
ing  evidence  that  substantially  increasing  P-carotene  intake  above 
current  dietary  intakes  has  a  significant  effect  on  measures  of  anti¬ 
oxidant  status.  Also,  none  of  these  markers  has  been  validated  to  be 
predictive  of  any  known  health  outcomes.  Therefore,  these  data  are 
inadequate  for  the  estimation  of  a  requirement  for  P-carotene. 

Gap  Junctional  Communication 

Appropriate  communication  among  cells  is  essential  for  the  coor¬ 
dination  of  biochemical  functions  in  complex,  multicellular  organ¬ 
isms.  One  theory  suggests  that  failure  of  signaling  is  one  cause  of 
cell  overgrowth  and  eventually  cancer.  Two  research  groups  have 
demonstrated  that  carotenoids  stimulate  gap  junction  communica¬ 
tion  between  cells  in  vitro  (Sies  and  Stahl,  1997;  Zhang  et  al.,  1991). 
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TABLE  8-2  p-Carotene  Intake  and  Measures  of  Antioxidant 

Activity  in  Selected  Studies 

Reference, 

Country 

Subjects 

p-Carotene  Dose 

Richards  et  al., 

1990 

South  Africa 

40  smokers,  average  age  33  y; 
received  placebo  and 

20  received  treatment 

40  mg/d,  Roche  prep 

Mobarhan  et  al., 
1990;  Gottlieb 
et  al.,  1993 
United  Slates 

15  healthy  men,  aged 

19-30  y;  randomly 
assigned  repletion  levels 

Carotene-free  diet 
(depletion); 

Repletion:  15  mg/d  or 

120  mg/d,  Roche 
prep 

Van  Poppel  et  al., 
1992a,  1992b, 
1995 

Holland 

143  male  smokers,  average 
age  39  y;  randomly 
assigned  to  placebo  or 
treatment 

40  mg/d  first  2  wk 

20  mg/d  next  12  wk 

Allard  et  al.,  1994 
Canada 

38  male  nonsmokers,  25  male 
smokers,  aged  20-75  y; 
randomly  assigned  to 
placebo  or  treatment 

20  mg/d,  Roche  prep 

Calzada  et  al., 

1995 

United  States 

12  healthy  men  and  7  women, 
aged  21-50  y;  randomly 
assigned  to  placebo  or 
treatment 

15  mg/d,  Roche  prep 

Gaziano  et  al., 

1995 

United  States 

4  healthy  men  and  12  women, 
aged  25-47  y;  randomly 
assigned  to  either  synthetic 
(BASF)  or  natural  (Henkel) 
P-carotene 

100  mg/d  load  dose; 
natural  treatment, 

66  or  100  mg/2d; 
synthetic  treatment, 

50  mg/2  d 

Winklhofer-Roob 
et  al.,  1995 
Switzerland 

CFWi  patients,  32  boys  and 
girls;  average  age  10.8  y 

0.5  mg/kg  BW”/d, 

3M  Medica,  Ltd. 

Clevidence  et  al., 
1997 

United  States 

5  healthy  men  and  7  women, 
aged  27-61  y 

18  mg/d  additional  as 
foods;  kale,  tomato 
juice,  sweet  potato 
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Duration 

Plasma  fl-Carotene 
(pmol/L) 

Findings 

6  wk 

Baseline — 0.50 

No  change  in  leukocyte  sister 

(27  pg/dL) 

chromatid  exchange 

2  wk 

Trta—  2.06 
(llllig/dL) 

Baseline — 0.24 

i  Breath  pentane  on  120  mg/d 

4  wk 

(13  pg/dL) 

only; 

Depletion — 0.09 

1  Serum  lipid  peroxide  levels, 

(5  pg/dL) 

both  repletion  levels 

2  wk 

15  mg/ d— 3.32 
(178  pg/dL) 

120  mg/d— 8.74 
(469  pg/dL) 

Baseline — 0.33 

X  Sputum  nuclei 

12  wk 

(18  pg/dL) 

No  change  in  lymphocyte  sister 

Trt  at  14  wk — 4.36 

chromatid  exchange  or  urinary 

(234  pg/dL) 

8-oxodG* 

4  wk 

Placebo/NSc— 0.38 

X  Breath  pentane  in  smokers 

(20  pg/dL) 

No  change  in  breath  pentane  in 

Placebo/Sd— 0.27 

nonsmokers 

(14  pg/dL) 

No  change  in  breath  ethane, 

Trt/NS— 3.50 

RBC*,  MDA/or  plasma  Se- 

(188  pg/dL) 

GSHPx£  in  either  group 

14  d 

Trt/ S— 3.38 
(181  pg/dL) 

Baseline — 0.87 

No  change  in  plasma 

56  d 

(47  pg/dL) 

Trolox  equivalent  antioxidant 

Trt— 3.07 

activity 

6  d  load; 

(165  pg/dL) 

Baseline — 0.25 

T  Cu^+-induced  LDL^  oxidation 

followed  by 

(13  pg/dL) 

No  change  in  AAPH^-induced  LDL 

21  d  treatment 

Both  Trts— 1.39 

oxidation 

3  m 

(75  pg/dL) 

Baseline — 0.09 

X  Plasma  MDA  and  Cu^+-induced 

(5  pg/dL) 

LDL  oxidation 

3  wk 

Trt— 1.07 
(57  pg/dL) 

Baseline — 0.29 

No  change  in  plasma  ORAC0, 

(15  pg/dL) 

plasma  hydroperoxides,  LDL 

Trt— 0.76 

TBARS,  or  8-oxodG 

(40.2  pg/dL) 

continued 
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TABLE  8-2  Continued 


Reference, 

Country 

Subjects 

p-Carotene  Dose 

Hininger  et  al., 
1997 

France 

11  healthy  men  and 

11  females,  aged  25-45  y; 

11  smokers  and  11 
nonsmokers 

10  mg/d  additional  as 
foods  (primarily 
carrots) 

Mosca  et  al.,  1997 
United  States 

Coronary  artery  disease 
patients;  39  men  and 

6  women,  aged  39-80  y 

12  mg/d  +  vit  E  and 
vit  C;  or  24  mg/d 
+  vit  E  and  vit  C 

Pool-Zobel  et  al., 
1997 

Germany 

23  healthy  men,  aged  27-40  y 

Low  carotenoid 

depletion  food  diet; 
followed  by  22  mg/d 
as  carrot  juice 

Wang  et  al.,  1997 
Japan 

192  healthy  men;  nonsmokers 
and  smokers,  aged  18-58  y 

From  foods; 

subjects  grouped 
by  plasma  levels 

Dixon  et  al.,  1998; 
Lin  et  al.,  1998 
United  States 

9  healthy  women, 
premenopausal, 
aged  18-45  y 

<  0.58  mg/d  as  diet  or 
diet  +  small 
supplement  for 
depletion;  repletion 

3.3  mg/d,  Roche  prep 

Rust  et  al.,  1998 
Austria 

24  CF  patients  and 

14  age-matched  healthy 
children,  average  age  12.8  y 

1  mg/kg  BW/d  to  max 
of  50  mg/d 

Steinberg  and 

Chait,  1998 
United  States 

8  men  and  12  women  who 
smoked  were  in  Trt  group; 
average  age  29  y 

Vegetable-based  juice 
+  30  mg  P-Carotenc/d 
+  vit  C  &  vit  E 

SI  Conversion  factor  used  for  p-carotene  =  pmol/L  -f  0.01863  =  pg/dL. 
«Trt  =  treatment. 

^  8-OxodG  =  8-oxo-7,8-dihydro-2'-deoxyguanosine. 

CNS  =  nonsmokers. 

^  S  =  smokers. 
e  RBC  =  red  blood  cell. 

/MDA  =  malondialdehydc. 

S  Se-GSHPx  =  selenium  glutathione  peroxidase. 
h  TBARS  =  thiobarbituric  acid  reactive  substances. 
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Duration 

Plasma  (3-Carotene 
(pmol/L) 

Findings 

2  wk 

Baseline/NS— 0.95 
(51  pg/dL) 
Baseline/S — 0.58 
(31  pg/dL) 
Trt/NS— 1.13 
(61  pg/dL) 

Trt/S— 0.82 
(44  pg/dL) 

T  RBC  CuZn-SOD  activity; 

No  change  in  plasma  MDA, 

GSH^,  GSSG,  -SH  groups, 
carbonyls,  or  Se-GSHPx  activity 

12  wk 

Baseline — 0.30 
(16  pg/dL) 

12  mg/d— 1.99 
(107  pg/dL) 

24  mg/d— 3.01 
(162  pg/dL) 

>1  Copper-induced  LDL  oxidation 

2  wk  depletion; 

4  wk  added  food 
containing 
(3-carotene 

Not  reported 

i  DNA  strand  breaks  (COMET) 
and  oxidized  pyrimidine  bases 
in  lymphocytes 

0.56  (29.8  pg/dL) 
as  criteria  for 
establishing 
high/low  intake 

No  difference  in  lymphocyte  DNA 
adducts  between  high  and  low 
plasma  (3-carotene  groups 

100  d  depletion; 

20  d  repletion 

Baseline— 0.76 
(40.2  pg/dL) 
Depletion — 0.33 
(17.5  pg/dL) 
Repletion — 1.73 
(91.5  pg/dL) 

Depletion  T  plasma  MDA  and  LDL 
oxidation  rate  (carbonyl 
production). 

Repletion  i  LDL  oxidation  rate 
below  baseline 

12  wk 

Baseline — 0.08 
(4.8  pg/dL) 

12  wk— 0.60 
(31.7  pg/dL) 

i  Plasma  MDA  on  high-dose  (3C 

4  wk 

Baseline — 0.23 
(12.3  pg/dL) 

Trt— 1.21 
(64.9  pg/dL) 

i  Breath  pentane,  LDL  oxidation 
No  change  in  plasma  total 
peroxyl  radical  trapping 

*  SOD  =  superoxide  dismutase. 
j  GSSG  =  erythrocyte  oxidized  glutathione. 

&  LDL  =  low-density  lipoprotein. 

^AAPH  =  2,2'-azobis[2-amidinopropane]  dihydrochloride. 
m  CF  =  cystic  fibrosis. 

71  BW  =  body  weight. 

0  ORAC  =  oxygen  radical  absorbance  capacity. 

P  GSH  =  glutathione. 
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It  is  not  known  whether  the  parent  carotenoids  or  their  metabolites 
are  the  active  factors  (Hanusch  et  al.,  1995) ,  nor  is  it  known  whether 
carotenoids  influence  this  communication  process  in  vivo.  More 
study  is  needed  to  ascertain  whether  carotenoids  play  a  direct  role 
in  cell-cell  communication  and,  if  so,  what  health  outcomes  are 
influenced  by  this  action. 

Immune  Function 

There  has  been  great  interest  in  the  potential  role  of  carotenoids 
in  enhancement  of  the  immune  response.  Children  with  vitamin  A 
deficiency  suffer  from  compromised  immunity  and  have  difficulty 
protecting  themselves  from  infections.  It  is  important  to  remember, 
however,  that  studies  conducted  with  provitamin  A  carotenoids  may 
yield  results  that  are  attributable  to  the  conversion  of  carotenoids  to 
vitamin  A  or  other  retinoids,  not  to  the  effects  of  the  intact  caro¬ 
tenoid. 

Santos  et  al.  (1996)  showed  that  long-term  P-carotene  supplemen¬ 
tation  enhanced  natural  killer  cell  activity  in  men  65  to  86  years  of 
age,  but  not  in  men  51  to  64  years  of  age;  enhancement  by  p-caro¬ 
tene  in  this  age  group  was  confirmed  in  a  subsequent  study  (Santos 
et  al.,  1998).  Hughes  et  al.  (1997)  evaluated  mechanisms  by  which 
P-carotene  might  enable  immune  cells  to  act  more  efficiently.  Sub¬ 
jects  were  supplemented  for  26  days  with  either  15  mg  of  p-carotene 
or  a  placebo.  Subjects  receiving  the  p-carotene  treatment  had 
increases  in  expression  of  adhesion  molecules  by  monocytes,  in  ex 
vivo  secretion  of  tumor  necrosis  factor-a,  and  in  the  percentage  of 
monocytes  expressing  major  histocompatibility  complex  II,  a  cell 
surface  molecule  responsible  for  presenting  antigen  to  T-helper 
cells. 

Other  immunological  effects  that  carotenoids  are  reported  to  in¬ 
crease  are  lymphocyte  response  to  mitogens  (Kramer  and  Burri, 
1997)  and  total  white  blood  cells  and  helper  T  cells  in  human  im¬ 
munodeficiency  virus-infected  humans  (Coodley  et  al.,  1993). 
Whether  these  and  the  other  effects  noted  are  specific  to  caro¬ 
tenoids  and  are  important  in  overall  immunity  is  not  confirmed. 
Therefore  the  usefulness  of  these  as  markers  for  disease  has  yet  to 
be  established. 

Relationship  of  Carotenoid  Intake  to  Chronic  Disease 

A  vast  number  of  observational  studies,  including  both  case-con¬ 
trol  and  cohort  studies,  of  carotenoids  and  chronic  disease  risk  have 
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been  conducted.  Many  of  the  studies  are  based  upon  estimated 
intake  of  carotenoids  in  the  diet,  while  many  include  biochemical 
evaluation  of  carotenoid  concentrations  in  blood.  Because  the  di¬ 
etary  intake  data  are  generally  obtained  via  food  frequency  ques¬ 
tionnaires,  they  do  not  provide  quantitative  estimates  of  carotenoid 
intake,  but  rather  allow  for  relative  ranking  of  carotenoid  intakes 
within  a  population.  The  blood  concentration  data,  however,  are 
more  quantitative  and  generally  more  comparable  across  studies. 

Prospective  blood  carotenoid  concentration  studies  may  be  par¬ 
ticularly  informative  because  blood  samples  are  generally  obtained 
several  years  prior  to  the  clinical  detection  of  disease.  Thus,  for  the 
purposes  of  evaluating  the  association  between  quantitative  caro¬ 
tenoid  exposure  and  risk  of  chronic  disease,  the  prospective  blood 
concentration  studies  are  most  useful  and  are  given  the  greatest 
weight  in  the  analysis  that  follows.  The  studies  in  which  food  intakes 
were  the  basis  for  evaluating  risk  of  disease  are  less  useful  due  to  the 
inherent  problems  in  adequately  estimating  carotenoid  intake. 
These  studies,  however,  may  give  support  to  the  overall  evaluation 
of  the  role  of  carotenoids  in  chronic  disease.  The  following  section 
briefly  summarizes  some  key  research  findings  from  observational 
studies  of  the  relationship  between  carotenoids  and  chronic  disease 
risk. 

Mortality 

Greenberg  et  al.  (1996)  obtained  blood  samples  from  1,188  men 
and  532  women  enrolled  in  a  skin  cancer  prevention  trial  and  ex¬ 
amined  the  relationship  between  plasma  p-carotene  concentrations 
at  entry  and  subsequent  mortality  over  a  median  follow-up  period 
of  8.2  years  (Table  8-3).  Persons  in  the  lowest  quartile  of  plasma  p- 
carotene  had  a  significant  increase  in  their  risk  of  dying  compared 
to  those  with  higher  plasma  concentrations  of  P-carotene.  The  ad¬ 
justed  relative  risk  was  lowest  for  persons  with  plasma  P-carotene 
concentrations  in  the  range  of  0.34  to  0.53  pmol/L  (18  to  28  pg/ 
dL)  (quartile  3),  with  a  risk  reduction  (compared  to  the  lowest 
quartile)  of  43  percent  for  total  deaths,  43  percent  for  cardiovascu¬ 
lar  disease  deaths,  and  51  percent  for  cancer  deaths.  The  relative 
risk  for  overall  mortality  was  38  percent  lower  for  persons  who  had 
plasma  p-carotene  concentrations  in  the  highest  quartile  compared 
to  the  lowest  quartile  (relative  risk  [RR]  =  0.62;  95  percent  confi¬ 
dence  interval  [Cl]  =  0.44-0.87).  Thus,  these  results  suggest  that 
plasma  p-carotene  concentrations  in  the  range  of  0.34  to  0.53  pmol/ 
L  (18  to  28  pg/dL)  are  associated  with  the  lowest  risk  of  all-cause 
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TABLE  8-3  Concentrations  of  (3-Carotene  and  Total 
Carotenoids  in  Plasma  or  Serum  Associated  with  a  Lower  Risk 
of  Various  Health  Outcomes  in  Selected  Studies 


Author 

Population 

Nomura  et  al.,  1985 

Japanese  men 

Menkes  et  al.,  1986 

U.S.  men  and  women 

Connett  et  al.,  1989 

MRFIT/7  cohort  men 

Greenberg  et  al.,  1996 

U.S.  men  and  women,  24-84  y 

Jacques  and  Chylack,  1991 

U.S.  men  and  women,  40-70  y 

Riemersma  et  al.,  1991 

British  men 

Stahelin  et  al.,  1991 

Swiss  men 

Batieha  et  al.,  1998 

U.S.  women 

EDCCSG,  1995 

U.S.  men  and  women 

Eichholzer  et  al.,  1992;  Gey  et  al.,  1995b 

Swiss  men 

Zheng  et  al.,  1998 

U.S.  men  and  women 

Morris  et  al.,  1994 

U.S.  men 

West  et  al.,  1994 

U.S.  men  and  women,  >40  y 

Sahyoun  et  al.,  1996 

U.S.  men  and  women,  >60  y 

Bonithon-Kopp  et  al.,  1997 

French  men,  >58  y 

French  women,  >58  y 

a  Concentration  in  the  quartile/quantile  where  the  risk  reduction  was  of  the  greatest 
magnitude.  For  studies  that  only  report  mean  or  median  concentrations  in  the  diseased 
and  disease-free  groups,  the  concentration  is  the  level  in  the  group  that  remained  free 
of  disease.  SI  Conversion  factor  used  for  (3-carotene  and  total  carotenoids  =  0.01 863  pg/ 
dL  to  pmol/L,  with  the  exception  of  Greenberg  ct  al.,  1996. 


mortality  in  U.S.  adults.  Note  that  these  blood  concentrations  re¬ 
flect  levels  in  the  absence  of  supplementation  with  (3-carotene.  Thus, 
this  prospective  study  emphasizes  the  inverse  association  between  (3- 
carotene-rich  foods  and  the  risk  of  all-cause  mortality. 

Another  cohort  study  of  carotenoids  and  mortality  examined  both 
dietary  intake  of  total  carotenoids  and  plasma  concentrations  of 
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Endpoint 

P-Carotene 
Concentration 
(pmol/L) a 

Total  Carotenoid 
Concentration  (pmol/L)" 

Lung  cancer 

>0.54  (29  pg/dL) 

Lung  cancer 

>0.54  (29  pg/dL) 

Lung  cancer 

>0.22  (12  pg/dL) c 

>1.84  (99  pg/dL) c 

All-cause  mortality 

0.34-0.53  (18-28 
pg/dL) 

Cataract 

>3.3  (177  pg/dL) 

Angina 

>0.54  (29  pg/dL) d 

Total  cancers 

Lung  cancer 

>0.34  (18  pg/dL) d 
>0.34  (18  pg/dL) d 

Cervical  cancer 

>0.26  (14  pg/dL) 

>1.73  (93  pg/dL) 

Macular  degeneration 

>0.74  (40  pg/dL) 

>2.39  (128  pg/dL) 

Ischemic  heart  disease 

>0.18  (10  pg/dL)  ^ 

Oropharyngeal  cancers 

>0.28  (15  pg/dL) 

>1.75  (94  pg/dL) 

CHD* 

>3.16  (170  pg/dL) 

Macular  degeneration 

>0.88  (47  pg/dL) 

Cancer  mortality 

CHD  mortality 

All  other  causes,  mortality 

>3.13  (168  pg/dL) 
1.73-3.13  (93-168  pg/dL) 
>3.13  (168  pg/dL) 

Intima-media  thickness 
Intima-media  thickness 

>2.1  (113  pg/dL) 

>3.7  (199  pg/dL) 

b  MRFIT  =  Multiple  Risk  Factor  Intervention  Trial. 
c  Samples  were  stored  at  -50°C. 
d  Assumes  value  given  for  carotene  is  80%  P-carotene. 
e  CHD  =  coronary  heart  disease. 


total  carotenoids  as  predictors  of  mortality  (Sahyoun  et  al.,  1996). 
Results  indicated  that  mortality  from  cancer  and  all  causes  other 
than  coronary  heart  disease  (CHD)  was  lowest  at  a  plasma  concen¬ 
tration  of  3.13  pmol/L  (168  pg/dL)  total  carotenoids  or  greater; 
mortality  from  CHD  was  lowest  at  plasma  concentrations  of  1.73  to 
3.13  pmol/L  (93  to  168  pg/dL).  Overall  mortality  was  lowest  at 
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dietary  carotenoid  intake  levels  of  8.6  mg/day  (RR  =  0.68  compared 
to  those  consuming  1.1  mg/day  of  carotenoids). 

In  the  Western  Electric  cohort  study,  all-cause  mortality  was  low¬ 
est  for  men  who  consumed  the  highest  tertile  of  dietary  (3-carotene 
(RR  =  0.80  for  more  than  4.1  mg/day  of  (3-carotene  versus  less  than 
2.9  mg/day  of  (3-carotene;  />for  trend  =  0.01)  (Pandey  et  al.,  1995). 

Cancer 

Because  there  are  literally  hundreds  of  studies  of  carotenoids  and 
cancer  risk,  this  section  emphasizes  the  results  of  epidemiological 
studies  of  all  cancers  combined,  studies  of  carotenoids  and  lung 
cancer,  and  a  few  other  selected  tumor  sites  for  which  an  inverse 
association  with  carotenoids  is  commonly  seen. 

Observational  Epidemiological  Studies.  The  Basel  Prospective  Study 
evaluated  the  relationship  between  plasma  carotene  concentrations 
in  blood  samples  obtained  in  1971-1973  and  subsequent  cancer 
mortality  up  to  1985  (Stahelin  et  al.,  1991).  Results  showed  that 
persons  who  went  on  to  develop  any  cancer  had  significantly  lower 
prediagnostic  carotene  concentrations  than  persons  who  remained 
alive  and  free  of  cancer  in  1985  (mean  plasma  total  carotenoid 
concentration  0.34  pmol/L  [18  pg/dL]  in  those  with  cancer  versus 
0.43  pmol/L  [23  pg/dL]  in  those  free  of  cancer).  The  authors  state 
that  the  reported  carotene  values  represent  approximately  80  per¬ 
cent  (3-carotene  and  20  percent  a-carotene;  thus,  plasma  (3-carotene 
concentrations  of  approximately  0.34  pmol/L  (0.43  pmol/L  x  0.8) 
(18  pg/dL  [23  pg/dL  X  0.8])  were  typical  for  the  survivors  of  this 
cohort.  This  concentration  is  within  the  range  associated  with  lower 
risk  elsewhere  as  shown  in  Table  8-3. 

Numerous  epidemiological  studies  have  shown  that  individuals 
who  consume  a  relatively  large  quantity  of  carotenoid-rich  fruits 
and  vegetables  have  a  lower  risk  of  cancer  at  several  tumor  sites 
(Block  et  al.,  1992).  The  consistency  of  the  results  from  observa¬ 
tional  studies  is  particularly  striking  for  lung  cancer,  where  caro¬ 
tenoid  and  fruit  and  vegetable  intake  has  been  associated  with  low¬ 
er  lung  cancer  risk  in  8  of  8  prospective  studies  and  18  of  20 
retrospective  studies  reviewed  (Ziegler  et  al.,  1996b). 

Focusing  on  prospective  blood  analyses  studies,  the  study  with  the 
largest  number  of  cases  ( n  =  99)  was  reported  by  Menkes  et  al. 
(1986)  as  part  of  the  Washington  County,  Maryland,  cohort.  The 
risk  of  lung  cancer  increased  in  a  linear  fashion  with  decreasing 
serum  concentrations  of  (3-carotene,  with  the  greatest  risk  at  the 


P-CAROTENE  AND  OTHER  CAROTENOIDS 


343 


lowest  quintile  (cutpoint  not  stated).  The  mean  concentration  of 
serum  (3-carotene  in  persons  who  subsequently  developed  lung  can¬ 
cer  was  0.47  pmol/L  (25  pg/dL),  compared  to  0.54  pmol/L  (29 
pg/dL)  in  persons  who  remained  free  of  disease. 

Nomura  et  al.  (1985)  conducted  a  prospective  study  of  6,860  men 
of  Japanese  ancestry  in  Hawaii;  74  men  subsequently  developed  lung 
cancer.  Men  who  later  developed  lung  cancer  had  lower  serum  p- 
carotene  concentrations  (0.37  pmol/L  [20  pg/dL])  than  control 
subjects  (0.54  pmol/L  [29  pg/dL]).  Similar  results  were  reported 
in  the  Basel  Prospective  Study.  Men  who  later  developed  lung  can¬ 
cer  (n  =  68)  had  a-  plus  p-carotene  serum  concentrations  of  0.30 
pmol/L  (16  pg/dL)  versus  0.43  pmol/L  (23  pg/dL)  in  survivors 
(Stahelin  et  al.,  1991).  The  Multiple  Risk  Factor  Intervention  Trial 
(MRFIT)  cohort  study  had  prediagnostic  serologic  data  on  66  lung 
cancer  cases  and  131  control  subjects  (Connett  et  al.,  1989).  Lung 
cancer  cases  had  lower  serum  P-carotene  concentrations  (mean  of 
0.17  pmol/L  [9  pg/dL])  and  total  carotenoid  concentrations  (1.62 
pmol/L  [87  pg/dL] )  compared  to  the  control  subjects  (0.22  pmol/ 
L  [12  pg/dL]  and  1.84  pmol/L  [99  pg/dL]),  respectively.  The  ab¬ 
solute  carotenoid  concentrations  in  this  study  are  lower  than  those 
in  the  previous  studies,  which  may  be  a  consequence  of  long-term 
storage  of  the  samples  at  -50°C,  rather  than  at  -70°C  or  colder  as  is 
recommended  for  carotenoids. 

As  for  dietary  studies,  the  majority  of  the  studies  of  carotenoids 
and  lung  cancer  risk  have  relied  upon  the  U.S.  Department  of  Agri¬ 
culture  (USD A)  Nutrient  Database  for  Standard  Reference,  Release 
13,  which  does  not  contain  estimates  of  the  amount  of  carotenoids 
in  various  food  items,  but  simply  contains  estimates  of  provitamin  A 
activity.  With  the  release  of  a  new  carotenoid  database  in  1993  (Mangels 
et  al.,  1993),  quantitative  studies  relating  consumption  of  individual 
carotenoids  to  lung  cancer  risk  are  now  available.  Le  Marchand  et 
al.  (1993)  found  that  higher  dietary  intake  of  a-carotene,  P-carotene, 
and  lutein  was  significantly  associated  with  lower  lung  cancer  risk  in 
both  men  and  women.  Optimal  levels  of  intake  for  each  of  these 
three  carotenoids  were  as  follows:  P-carotene  more  than  4.0  mg/ day 
for  men  and  more  than  4.4  mg/day  for  women;  a-carotene  more 
than  0.6  mg/day  for  men  and  more  than  0.7  mg/day  for  women; 
and  lutein  more  than  3.3  mg/day  for  both  males  and  females. 
Ziegler  et  al.  (1996a)  also  found  significant  inverse  trends  for  dietary 
a-  and  P-carotene  and  a  marginally  significant  effect  for  lutein  and 
zeaxanthin  with  risk  of  lung  cancer.  Optimal  levels  in  this  study 
were  as  follows:  P-carotene  2. 5-5.9  mg/day;  a-carotene  more  than 
1.5  mg/day;  and  lutein  and  zeaxanthin  more  than  4.2  mg/day. 
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As  reviewed  elsewhere,  retrospective  and  prospective  epidemio¬ 
logical  studies  of  diet  and  serum  carotenoids  strongly  indicate  that 
greater  consumption  of  fruits,  vegetables,  and  carotenoids  is  inverse¬ 
ly  associated  with  risk  of  cancers  of  the  oral  cavity,  pharynx,  and 
larynx  (Mayne,  1996;  Mayne  and  Goodwin,  1993).  In  a  review  (Block 
et  al.,  1992),  13  of  13  studies  indicated  that  fruit  and  vegetable 
intake  was  associated  with  reduced  risk  of  cancers  of  the  oral  cavity, 
pharynx,  and  larynx.  As  for  prospective  serologic  studies,  Zheng  et 
al.  (1993)  conducted  a  nested  case-control  study  of  serum  micronu¬ 
trients  and  subsequent  risk  of  oral  and  pharyngeal  cancer.  Blood 
samples  were  collected  and  stored  in  1974  from  a  cohort  of  25,802 
adults  in  Maryland.  Over  the  next  15  years,  28  individuals  devel¬ 
oped  oral  or  pharyngeal  cancer.  Serum  analyses  indicated  that  pre¬ 
diagnostic  serum  concentrations  of  all  the  major  individual  caro¬ 
tenoids,  particularly  (3-carotene,  were  lower  among  the  case  group 
than  among  control  subjects  selected  from  the  same  cohort.  (3-Caro- 
tene  concentrations  in  persons  who  later  developed  these  cancers 
were  0.21  pmol/L  (11  pg/dL)  versus  0.28  pmol/L  (15  pg/dL)  in 
control  subjects  (mean;  p  =  0.03).  Adjustment  for  smoking,  which  is 
known  to  be  associated  with  lower  serum  carotenoid  concentrations, 
attenuated  the  protective  association  slightly.  The  unadjusted  and 
adjusted  relative  odds  of  oral  or  pharyngeal  cancer,  comparing  the 
upper  tertile  of  serum  J3-carotene  concentrations  (cutpoints  not  giv¬ 
en)  versus  the  lower  tertile,  were  0.50  and  0.69,  respectively. 

One  recent  prospective  cohort  study  (Giovannucci  et  al.,  1995) 
evaluated  47,894  participants  in  the  Health  Professionals  Follow-up 
Study,  812  of  whom  were  diagnosed  with  prostate  cancer  during  the 
6-year  follow-up.  Intake  of  tomato-based  foods  (tomato  sauce,  toma¬ 
toes,  and  pizza — but  not  tomato  juice)  and  lycopene,  which  is  found 
predominantly  in  tomato  products,  was  associated  with  significantly 
lower  prostate  cancer  risk.  Risk  was  lowest  for  those  who  were  esti¬ 
mated  to  consume  more  than  6.46  mg/day  of  lycopene.  The  lack  of 
association  for  tomato  juice  may  reflect  the  fact  that  lycopene  is 
more  bioavailable  from  processed  tomato  products  than  from  fresh 
tomatoes  (Gartner  et  al.,  1997). 

A  prospective  study  of  serum  micronutrients  and  prostate  cancer 
in  Japanese  men  in  Hawaii,  however,  found  no  difference  in  pre¬ 
diagnostic  serum  lycopene  concentrations  in  142  cases  versus  142 
matched  control  subjects  (Nomura  et  al.,  1997).  The  lack  of  effect 
seen  in  this  study  could  possibly  relate  to  the  fact  that  serum  lyco¬ 
pene  concentrations  were  relatively  low  in  this  population  (median 
0.25  pmol/L  [13  pg/dL]).  This  is  likely  a  consequence  of  the  fact 
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that  tomato  products  are  not  widely  consumed  in  the  Asian  diet 
(thus  the  range  of  exposure  may  have  been  limited).  Comprehen¬ 
sive  reviews  of  the  relationship  between  lycopene  and  prostate 
cancer  have  been  published  elsewhere  (Clinton,  1998;  Giovannucci, 
1999). 

Consumption  of  fruits  and  vegetables  also  has  been  reported  to 
be  inversely  associated  with  cervical  cancer  risk  in  a  number  of  stud¬ 
ies.  Batieha  et  al.  (1993)  conducted  a  nested  case-control  study, 
analyzing  a  variety  of  carotenoids  in  sera  stored  from  50  women 
who  had  developed  either  invasive  cervical  cancer  or  carcinoma  in 
situ  during  a  15-year  follow-up  and  in  99  control  women  pair- 
matched  to  the  cases.  The  risk  of  cervical  cancer  was  significantly 
higher  among  women  with  the  lowest  prediagnostic  serum  concen¬ 
trations  of  total  carotenoids  (odds  ratio  [OR]  =  2.7;  95  percent  Cl  = 
1. 1-6.4),  a-carotene  (OR  =  3.1;  95  percent  Cl  =  1.3-7. 6),  and  13- 
carotene  (OR  ~  3.1;  95  percent  Cl  =  1. 2-8.1)  compared  to  women 
in  the  upper  tertiles.  Mean  serum  concentrations  of  p-cryptoxanthin 
were  also  lower  among  cases  relative  to  control  subjects  ( p  =  0.03) . 
Optimal  concentrations  of  these  carotenoids  for  reducing  the  risk 
of  cervical  cancer  were  as  follows:  total  carotenoids  greater  than 
1.88  pmol/L  (101  pg/dL);  a-carotene  greater  than  0.05  pmol/L 
(2.7  pg/dL);  p-carotene  greater  than  0.26  pmol/L  (14  pg/dL);  and 
cryptoxanthin  greater  than  0.17  pmol/L  (9  pg/dL). 

Intervention  Trials.  Three  major  double-blind,  randomized  inter¬ 
vention  trials  have  been  conducted  using  high-dose  p-carotene  sup¬ 
plements,  either  alone  or  in  combination  with  other  agents,  in  an 
attempt  to  evaluate  any  protective  role  in  the  development  of  lung 
or  total  cancers.  In  none  of  these  studies  was  there  any  evidence  of 
a  protective  role  for  supplementary  p-carotene. 

In  current  smokers  participating  in  the  Alpha-Tocopherol,  Beta- 
Carotene  (ATBC)  Cancer  Prevention  Study,  supplementation  with 
20  mg/ day  of  p-carotene  (with  or  without  50  mg  of  a-tocopherol) 
for  5  to  8  years  led  to  a  higher  incidence  in  lung  cancer  but  had  no 
effect  on  the  incidence  of  other  major  cancers  occurring  in  this 
population  (prostate,  bladder,  colon  or  rectum,  or  stomach)  (ATBC 
Cancer  Prevention  Study  Group,  1994).  In  addition,  the  Carotene 
and  Retinol  Efficacy  Trial  (CARET)  used  a  nutrient  combination  of 
p-carotene  (30  mg/day)  plus  retinyl  palmitate  (25,000  internation¬ 
al  units  [IU]/day)  versus  placebo  in  asbestos  workers  and  smokers 
(Omenn  et  al.,  1996a,  1996b).  This  study  reported  more  lung  can¬ 
cer  cases  in  the  supplemented  group.  The  Physicians’  Health  Study 
(PHS)  of  supplemental  p-carotene  versus  placebo  in  22,071  male 
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U.S.  physicians  reported  no  significant  effect  of  12  years  of  supple¬ 
mentation  of  (3-carotene  (50  mg  every  other  day)  on  cancer  or  total 
mortality  (Hennekens  et  ah,  1996). 

Summary.  Higher  consumption  of  carotenoid-containing  fruits 
and  vegetables  and  higher  plasma  concentrations  of  several  caro¬ 
tenoids,  including  (3-carotene,  are  associated  with  a  lower  risk  of 
many  different  cancers,  especially  lung,  oral  cavity,  pharyngeal, 
laryngeal,  and  cervical  cancers.  These  prospective  blood  concentra¬ 
tion  studies  show  that  (3-carotene  concentrations  in  the  range  of 
0.28  pmol/L  (15  pg/dL)  or  less  are  associated  with  higher  risk  of 
many  cancers  (Table  8-3) ,  whereas  concentrations  greater  than  0.28 
to  0.37  pmol/L  (15  to  20  pg/dL)  are  associated  with  reduced  risk  of 
many  cancers.  This  approximate  threshold  for  cancer  risk  reduction 
is  concordant  with  that  for  the  prevention  of  all-cause  mortality, 
given  above.  Furthermore,  these  studies  show  that  increased  con¬ 
sumption  of  foods  containing  these  carotenoids,  including  caro¬ 
tenoids  lacking  vitamin  A  activity,  is  associated  with  risk  reduction. 
However,  in  three  large  randomized  clinical  trials  using  high-dose 
(3-carotene  supplements  (20  or  30  mg/day  or  50  mg  given  every 
other  day)  for  4  to  12  years,  no  protection  was  reported  with  respect 
to  lung  cancer,  or  any  other  cancer. 

Cardiovascular  Disease 

Epidemiological  studies,  including  descriptive,  cohort,  and  case- 
control  studies,  suggest  that  carotenoid-  and  (3-carotene-rich  diets 
are  associated  with  a  reduced  risk  of  cardiovascular  disease  (Gaziano 
and  Hennekens,  1993;  Kohlmeier  and  Hastings,  1995;  Manson  et 
al.,  1993).  Beginning  with  biochemical  epidemiological  studies  of 
plasma  carotenoids,  Gey  et  al.  (1993a)  reported  data  from  the  Vita¬ 
min  Substudy  of  the  World  Health  Organization’s  Monitoring 
Cardiovascular  (WHO/MONICA)  Project,  in  which  plasma  was 
obtained  from  approximately  100  apparently  healthy  men  from 
each  of  16  study  sites  within  Europe.  A  comparison  between  median 
plasma  (3-carotene  concentrations  and  ischemic  heart  disease  mor¬ 
tality  revealed  no  association  when  all  16  study  sites  were  consid¬ 
ered  ( 7 2  =  0.04).  However,  a  reasonably  strong  inverse  association 
was  evident  (r2  =  0.50)  when  three  study  sites,  all  apparent  outliers 
(and  all  Finnish  sites),  were  excluded  from  the  analysis. 

Men  in  the  Basel  Prospective  Study,  who  had  low  blood  concen¬ 
trations  of  (3-carotene  and  vitamin  G  initially  and  who  were  followed 
for  12  years,  had  a  significantly  higher  risk  of  subsequent  ischemic 
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heart  disease  (RR  =  1.96;  p  =  0.022)  and  stroke  (RR  =  4.17;  p  = 
0.002)  (Eichholzer  et  al.,  1992;  Gey  et  al.,  1993b) .  Based  upon  these 
and  other  data,  Gey  et  al.  (1993a)  proposed  that  more  than  0.4  to 
0.5  pmol/L  (21  to  27  pg/dL)  a-plus  P-carotene  or  0.3  to  0.4  pmol/ 
L  (16  to  21  pg/dL)  P-carotene  is  needed  to  reduce  the  risk  of  is¬ 
chemic  heart  disease. 

Total  serum  carotenoids,  measured  at  baseline  in  the  placebo 
group  of  the  Lipid  Research  Clinics  Coronary  Primary  Prevention 
Trial,  were  inversely  related  to  subsequent  coronary  heart  disease 
events  (Morris  et  al.,  1994).  Men  in  the  highest  quartile  of  total 
serum  carotenoids  (more  than  3.16  pmol/L  [172  pg/dL])  had  an 
adjusted  relative  risk  of  0.64  (95  percent  Cl  =  0.44-0.92);  among 
those  who  never  smoked,  the  relative  risk  was  0.28  (95  percent  Cl  = 
0.11-0.73).  Riemersma  et  al.  (1991)  reported  that  persons  with  plas¬ 
ma  carotene  concentrations  in  the  lowest  quintile  (less  than  0.26 
pmol/L  [14  pg/dL])  had  2.64  times  the  risk  of  angina  pectoris. 
Adjustment  for  smoking  reduced  the  magnitude  of  risk.  However, 
because  smoking  may  be  part  of  the  causal  path,  adjustment  may 
not  be  appropriate. 

The  U.S.  Health  Professionals  Follow-up  Study  of  over  39,000  men 
reported  a  relative  risk  for  coronary  heart  disease  of  0.71  (95  per¬ 
cent  Cl  =  0.55-0.92)  for  those  at  the  top  quintile  of  total  carotene 
intake  relative  to  the  lowest  quintile  of  intake  (Rimm  et  al.,  1993). 
The  effect  of  p-carotene  varied  by  smoking  status:  among  current 
smokers,  the  relative  risk  was  0.30  (95  percent  Cl  =  0.11-0.82); 
among  former  smokers,  the  risk  was  0.60  (95  percent  Cl  =  0.38- 
0.94),  and  among  nonsmokers,  the  risk  was  1.09  (95  percent  Cl  = 
0.66-1.79).  A  prospective  cohort  study  of  postmenopausal  women 
found  that  the  lowest  risk  of  coronary  heart  disease  was  found  for 
dietary  carotenoid  intakes  greater  than  8,857  IU/day  (RR  =  0.77;  p 
=  NS)  (Kushi  et  al.,  1996).  A  case-control  study  in  10  European 
countries  found  that  lycopene  concentrations,  but  not  other  caro¬ 
tenoid  concentrations,  in  adipose  tissue  were  inversely  associated 
with  the  risk  of  myocardial  infarction  (Kohlmeier  et  al.,  1997). 

Cardiovascular  epidemiology  studies  are  now  pursuing  the  use  of 
intermediate  endpoints,  such  as  intima-media  thickness,  which  can 
be  estimated  via  ultrasonography  as  a  measure  of  atherosclerosis. 
Bonithon-Kopp  et  al.  (1997)  reported  a  decrease  in  the  intima-me¬ 
dia  thickness  of  the  common  carotid  arteries  with  increasing  con¬ 
centrations  of  total  plasma  carotenoids  in  both  men  and  women. 
Plasma  carotenoid  concentrations  in  excess  of  2.07  pmol/L  (111 
pg/dL)  were  optimal  for  men;  concentrations  in  excess  of  3.73 
pmol/L  (200  pg/dL)  were  optimal  for  women.  Salonen  et  al.  (1993) 
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evaluated  the  change  in  the  intima-media  thickness  as  a  measure  of 
atherosclerotic  progression  and  reported  that  progression  was  92 
percent  greater  in  the  lowest  (less  than  or  equal  to  0.27  pmol/L  [14 
pg/dL])  versus  the  highest  (more  than  or  equal  to  0.64  pmol/L  [34 
pg/dL])  quartile  of  plasma  (3-carotene. 

Age-Related  Macular  Degeneration 

Dietary  carotenoids  have  been  suggested  to  decrease  the  risk  of 
age-related  macular  degeneration  (AMD),  the  most  common  cause 
of  irreversible  blindness  in  people  over  age  65  in  the  United  States, 
Canada,  and  Europe  (Seddon  et  ah,  1994;  Snodderly,  1995).  The 
macula  lutea  (macula)  is  a  bright  yellow  spot  in  the  center  of  the 
retina  and  is  specialized  and  functions  to  maintain  acute  central 
vision.  Of  all  the  carotenoids  circulating  in  the  body,  only  two  polar 
species,  lutein  and  zeaxanthin,  are  contained  in  the  macula  (Bone 
et  ah,  1985;  Handelman  et  ah,  1988).  Two  groups  of  investigators 
have  suggested  pathways  by  which  these  two  carotenoids  are  bio¬ 
chemically  interchanged  in  the  macula  (Bone  et  ah,  1993;  Khachik 
et  ah,  1997a). 

The  potential  role  of  carotenoids  in  the  prevention  of  AMD  has 
been  comprehensively  reviewed  (Snodderly,  1995).  Seddon  et  ah 
(1994)  analyzed  the  association  between  carotenoid  intake  and  ad¬ 
vanced  AMD  in  a  large,  multicenter,  case-control  study  involving 
356  cases  and  520  control  subjects  with  other  ocular  conditions. 
Those  in  the  highest  quintile  of  dietary  carotenoid  intake  had  a  43 
percent  lower  risk  for  macular  degeneration  compared  with  those 
in  the  lowest  (OR  =  0.57;  95  percent  Cl  =  0.35-0.92).  Among  the 
specific  carotenoids,  intake  of  lutein  and  zeaxanthin  (grouped  in 
the  carotenoid  food  composition  database)  was  most  strongly  associ¬ 
ated  with  decreased  risk.  Those  in  the  highest  quintile  of  intake  had 
a  60  percent  lower  risk  compared  to  the  lowest  quintile  of  intake. 

Some,  but  not  all,  studies  using  blood  carotenoid  concentrations 
also  suggest  protective  effects  against  risk  of  AMD.  The  Eye  Disease 
Case-Control  Study  (EDCCSG,  1993)  measured  serum  carotenoids 
in  391  cases  with  neovascular  AMD  and  577  control  subjects.  The 
study  reported  protective  effects  of  total  carotenoids,  a-carotene,  13- 
carotene,  |3-cryptoxanthin,  and  lutein  and  zeaxanthin,  with  odds 
ratios  ranging  from  0.3  to  0.5  for  the  high  group  (more  than  the 
eightieth  percentile)  versus  the  low  group  (less  than  the  twentieth 
percentile).  Carotenoid  concentrations  associated  with  the  lowest 
risk  are  shown  in  Table  8-4. 
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TABLE  8-4  Example  of  Plasma  Carotenoid  Concentrations 
Associated  with  Lowest  Risk  of  Age-Related  Macular 
Degeneration 


Carotenoids 

Concentrations  (pmol/L) a 

Total  carotenoids 

>2.39  (128  pg/dL) 

a-Carotene 

>0.19  (10  pg/dL) 

(3-Carotene 

>0.74  (40  pg/dL) 

p-Cryptoxanthin 

>0.32  (18  pg/dL) 

Lutein  and  zeaxanthin 

>0.67  (38  pg/dL) 

Lycopene 

>0.61  (33  pg/dL) 

a  SI  conversion  factor  used  for  total  caroteniods,  a-  and  P-carotene,  and  lycopene  = 
0.01863  pg/dL  to  pmol/L;  for  p-cryptoxanthin  =  0.01809;  and  for  lutein  and  zeaxanthin 
=  0.01758. 

SOURCE:  EDCCSG  (1993). 


Mares-Perlman  et  al.  (1994)  examined  the  association  between 
serum  carotenoid  concentrations  and  age-related  maculopathy  in 
167  case-control  pairs  and  reported  no  association  for  any  of  the 
carotenoids,  except  lycopene,  with  persons  in  the  lowest  quintile  of 
lycopene  having  a  doubling  in  risk  of  maculopathy  (cutpoint  not 
stated).  West  et  al.  (1994)  examined  the  relationship  between  plas¬ 
ma  (3-carotene  concentration  and  AMD  in  226  subjects  and  found 
the  risk  was  lowest  for  the  highest  quartile  of  plasma  p-carotene 
(more  than  0.88  pmol/L  [47  pg/dL])  (OR  high  quartile  versus  low 
=  0.62).  Plasma  lutein  and  zeaxanthin  were  not  measured  in  this 
study. 

Hammond  and  Fuld  (1992)  developed  an  optical  system  that,  in 
situ,  measures  the  intensity  of  the  unique  yellow  color  of  the  mac¬ 
ula  and  presumably  estimates  the  levels  of  lutein  and  zeaxanthin. 
This  measure  is  known  as  Macular  Pigment  Optical  Density 
(MPOD).  Dietary  intake  of  carotenoids,  fat,  and  iron,  as  well  as 
plasma  concentrations  of  lutein  and  zeaxanthin,  were  positively  re¬ 
lated  with  MPOD  in  men,  but  only  plasma  concentrations  of  lutein 
and  zeaxanthin  were  associated  with  MPOD  values  for  women 
(Hammond  et  al.,  1996).  In  the  same  studies,  men  had  significantly 
higher  MPOD  readings  than  women  despite  similar  plasma  caro¬ 
tenoid  concentrations  and  similar  dietary  intake,  except  for  fat. 
These  investigators  also  demonstrated  that  the  MPOD  of  most  sub¬ 
jects  could  be  substantially  increased  by  the  addition  of  relatively 
small  amounts  of  foods  to  the  diet  that  are  high  in  lutein  (V2  cup 
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spinach  per  day)  or  lutein  and  zeaxanthin  (1  cup  of  corn  per  day) 
(Hammond  et  al.,  1997).  Interestingly,  when  MPOD  was  enhanced 
following  dietary  modification,  it  was  maintained  at  that  level  for 
several  months  despite  resumption  of  an  unmodified  diet. 

In  summary,  results  of  studies  that  have  investigated  MPOD  as  a 
biological  indicator  of  carotenoid  adequacy  suggest  that  it  has  sub¬ 
stantial  potential  as  an  indicator  for  estimating  the  requirements 
for  lutein  and  zeaxanthin.  Because  of  the  unique  metabolism  of 
carotenoids  in  the  macula,  this  technique  will  be  useful  in  associat¬ 
ing  dietary  intakes  of  lutein  and  zeaxanthin  with  the  health  of  the 
macula.  However,  insufficient  MPOD  studies  have  been  conducted 
to  date  to  make  recommendations  relative  to  the  dietary  intakes  of 
lutein  and  zeaxanthin. 

Cataracts 

Cataracts  are  also  problematic,  with  cataract  extraction  being  the 
most  frequently  performed  surgical  procedure  in  the  elderly  (Tay¬ 
lor,  1993).  Although  the  etiology  of  this  condition  is  not  known, 
oxidative  processes  may  play  a  role.  Cataracts  are  thought  to  result 
from  photo-oxidation  of  lens  proteins,  resulting  in  protein  damage, 
accumulation,  aggregation,  and  precipitation  in  the  lens  (Taylor, 
1993).  The  cornea  and  lens  filter  out  ultraviolet  light,  but  visible 
blue  light  reaches  the  retina  and  may  contribute  to  photic  damage 
or  other  oxidative  insults  (Seddon  et  al.,  1994). 

Higher  dietary  intake  of  carotenoids  or  higher  blood  concentra¬ 
tions  of  carotenoids  have  been  found  to  be  inversely  associated  with 
the  risk  of  various  forms  of  cataract  in  some,  but  not  all,  studies. 
Jacques  and  Chylack  (1991)  reported  that  subjects  with  low  plasma 
carotenoid  concentrations  (those  with  concentrations  less  than  the 
twentieth  percentile:  less  than  1.7  pmol/L  [90  pg/dL])  had  a  5.6- 
fold  increased  risk  of  any  senile  cataract  and  a  7.2-fold  increased 
risk  of  cortical  cataract,  compared  with  subjects  with  high  plasma 
total  carotenoid  concentrations  (greater  than  the  eightieth  percen¬ 
tile;  more  than  3.3  pmol/L  [177  pg/dL]).  Mares-Perlman  et  al. 
(1995)  performed  a  cross-sectional  analysis  of  serum  a-carotene,  p- 
carotene,  P-cryptoxanthin,  lutein  and  zeaxanthin,  and  lycopene  ver¬ 
sus  the  severity  of  nuclear  and  cortical  opacities,  and  found  that 
higher  concentrations  of  individual  or  total  carotenoids  were  not 
associated  with  the  severity  of  nuclear  or  cortical  opacities  overall. 
However,  higher  serum  p-carotene  (highest  quintile  median  con¬ 
centration  0.32  pmol/L  [17  pg/dL])  was  associated  with  less  opacity 
in  men,  and  higher  concentrations  of  a-carotene  (highest  quintile 
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median  0.14  pmol/L  [7.5  pg/dL]),  p-cryptoxanthin  (highest  quin¬ 
tile  median  0.31  pmol/L  [17  pg/dL]),  and  lutein  (highest  quintile 
median  0.44  pmol/L  [25  pg/dL])  were  associated  with  less  nuclear 
sclerosis  in  men  who  smoked.  In  women,  however,  higher  concen¬ 
trations  of  some  carotenoids  (highest  quintile  median  2.19  pmol/L 
[118  pg/dL])  were  associated  with  an  increased  severity  of  nuclear 
sclerosis. 

Recently,  the  U.S.  Health  Professionals  Follow-up  Study  reported 
a  relative  risk  for  cataract  extraction  in  men  of  0.81  (95  percent  Cl 
=  0.65-1.01)  for  those  at  the  top  quintile  of  lutein  and  zeaxanthin 
intake  (median  intake  of  6.87  mg/ day)  relative  to  the  lowest  quin¬ 
tile  of  intake  (Brown  et  al.,  1999).  Similar  inverse  associations  for 
dietary  lutein  and  zeaxanthin  were  seen  in  the  Nurses’  Health  Study 
cohort,  with  a  relative  risk  of  0.78  (95  percent  Cl  =  0.63-0.95)  for 
those  at  the  top  quintile  of  total  lutein  and  zeaxanthin  intake  (me¬ 
dian  intake  of  11.68  mg/day)  relative  to  the  lowest  quintile  of  in¬ 
take  (Chasan-Taber  et  al.,  1999).  This  decreased  risk  of  cataracts 
(severe  enough  to  require  extraction)  with  higher  intakes  of  lutein 
and  zeaxanthin  was  not  found  with  higher  intakes  of  other  caro¬ 
tenoids  (a-carotene,  (3-carotene,  lycopene,  and  P-cryptoxanthin)  in 
either  of  these  studies. 


Plasma  and  Tissue  Concentrations 

As  just  detailed,  plasma  and  tissue  concentrations  of  carotenoids 
have  been  associated  with  a  variety  of  health  outcomes;  that  is, 
higher  concentrations  are  associated  with  a  lower  risk  of  cancer, 
coronary  heart  disease,  and  all-cause  mortality.  This  could  be  used 
as  a  possible  indicator  for  establishing  requirements  for  caro¬ 
tenoids.  However,  the  limitation  of  this  approach  is  that  it  is  not 
clear  whether  observed  health  benefits  are  due  to  carotenoids  per 
se  or  to  other  substances  found  in  carotenoid-rich  foods. 

Thus,  these  data  are  suggestive  of  prudent  intake  levels,  not  re¬ 
quired  levels  of  intake.  Recommendations  have  been  made  by  a 
number  of  federal  agencies  and  other  organizations  with  regard  to 
fruit  and  vegetable  intake.  Nutrient  analysis  of  menus  adhering  to 
the  U.S.  Dietary  Guidelines  and  the  National  Cancer  Institute’s 
Five-a-Day  for  Better  Health  Program,  for  example,  indicates  that 
persons  following  these  diets  would  be  consuming  approximately 
5.2  to  6.0  mg/day  provitamin  A  carotenes  on  average  if  a  variety  of 
fruits  and  vegetables  were  consumed  (Lachance,  1997).  Similar  lev¬ 
els  would  be  obtained  by  following  Canada’s  Food  Guide  for 
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Healthy  Eating  which  specifies  a  minimum  of  five  servings  of  vege¬ 
tables  and  fruit  (Health  Canada,  1997).  Other  food-based  dietary 
patterns  recommended  for  the  prevention  of  cancer  and  other 
chronic  diseases  would  provide  approximately  9  to  18  mg/day  of 
carotenoids  (WCRF/AICR,  1997). 

The  current  U.S.  and  international  guidelines  encourage  plant- 
based  dietary  patterns  with  less  emphasis  on  foods  of  animal  ori¬ 
gin.  With  this  type  of  dietary  pattern,  approximately  90  percent  of 
the  total  ingested  vitamin  A  would  be  in  the  form  of  provitamin  A 
carotenoids  (Lachance,  1997).  This  pattern  is  in  stark  contrast  to 
current  intake  patterns  in  the  United  States,  where  less  than  40 
percent  of  vitamin  A  in  the  diet  is  derived  from  provitamin  A  caro¬ 
tenoids  in  fruits  and  vegetables  (Figure  8-2),  or  to  the  intake  pat¬ 
terns  found  in  native  Americans  in  some  arctic  regions  of  the 
United  States  and  Canada  (Kuhnlein  et  al.,  1996). 


Fruits 

3.1% 


Meat,  poultry,  fish 
22.9% 


Vegetables 
36.4% 


Dairy  products 
18.4% 


Eggs 

4.3% 


Fats,  oils 
13.2% 


Other  foods 
1.7% 


FIGURE  8-2  Contributors  to  Vitamin  A  intake  in  the  U.S.  food  supply.  The  “other 
foods”  category  includes  grain  products  (0.5  percent)  and  miscellaneous  foods 
(1.2  percent). 

SOURCE:  LSRO/FASEB  (1995). 
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An  examination  of  human  studies  using  dietary  interventions 
with  carotenoid-containing  foods  is  necessary  to  determine  the 
plasma  carotene  concentrations  that  an  optimal  diet  would  be  ex¬ 
pected  to  produce.  In  a  controlled  diet  study  (Micozzi  et  al.,  1992), 
plasma  p-carotene  concentrations  in  the  men  who  received  the  low 
carotenoid  diet  (less  than  2  mg/day)  to  which  broccoli  had  been 
added  to  provide  6  mg/day  of  carotenoids  (3  mg  of  (3-carotene,  3 
mg  of  lutein)  were  raised  significantly  from  0.30  pmol/L  (16  pg/ 
dL)  at  baseline  to  0.49  pmol/L  (26  pg/dL)  after  six  weeks,  as  were 
plasma  lutein  concentrations  (from  0.38  pmol/L  [22  pg/dL]  to 
0.63  pmol/L  [36  pg/dL]).  Plasma  lycopene  declined  with  this  in¬ 
tervention  because  the  baseline  diet  as  well  as  broccoli  was  low  in 
the  content  of  lycopene  and  other  carotenoids. 

The  Minnesota  Cancer  Prevention  Research  Unit  feeding  studies 
evaluated  three  experimental  diets  (two  of  which  included  caro¬ 
tenoids)  and  one  control  diet  given  for  9  days  each  to  23  young 
nonsmoking  men  and  women.  Persons  on  the  control  diet  had  a 
plasma  (3-carotene  concentration  of  0.26  pmol/L  (14  pg/dL);  5  mg/ 
day  (3-carotene  from  food  increased  plasma  (3-carotene  to  0.37 
pmol/L  (19.5  pg/dL).  When  P-carotene  from  food  was  increased  to 
42  mg/day,  plasma  P-carotene  increased  further  to  0.83  pmol/L 
(44  pg/dL)  (Martini  et  al.,  1995).  Yong  et  al.  (1994)  studied  dietary 
carotenoid  intake  and  plasma  carotenoids  cross-sectionally  in  pre¬ 
menopausal  nonsmoking  women;  the  population  had  a  geometric 
mean  P-carotene  intake  of  approximately  3  mg/ day  and  a  geometric 
mean  plasma  p-carotene  concentration  of  0.30  pmol/L  (15.8  pg/ 
dL) .  For  total  carotenoids,  the  geometric  mean  level  of  intake  was 
6.6  to  8.1  mg/day,  with  a  total  carotenoid  concentration  in  plasma 
of  approximately  1.51  pmol/L  (80  pg/dL).  A  randomized,  con¬ 
trolled  trial  on  the  effect  of  increasing  fruit  and  vegetable  intake  for 
8  weeks  on  plasma  micronutrient  concentrations  was  conducted 
with  87  subjects  in  New  Zealand  (Zino  et  al.,  1997).  p-Carotene 
intake  increased  from  about  2.0  mg/day  at  baseline  to  4.7  mg/day 
at  week  4.  This  resulted  in  a  mean  plasma  p-carotene  increase  from 
0.34  pmol/L  (18  pg/dL)  at  baseline  to  0.48  pmol/L  (25  pg/dL)  at 
4  weeks. 

These  data,  although  in  varying  populations,  suggest  that  3  to  6 
mg/day  of  p-carotene  from  food  sources  is  prudent  to  maintain 
plasma  p-carotene  concentrations  in  the  range  associated  with  a 
lower  risk  of  various  chronic  disease  outcomes  (see  Table  8-3). 
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FACTORS  AFFECTING  CAROTENOID  BIO  AVAILABILITY 

Bioavailability 

Bioavailability  of  carotenoids  from  food,  concentrated  extracts,  or 
synthetic  products  is  quite  variable  (Figure  8-3)  because  a  complex 
set  of  factors  affects  carotenoid  bioavailability.  Erdman  et  al.  (1993) 
and  Castenmiller  and  West  (1998)  described  the  events  necessary 
for  adequate  absorption  of  carotenoids  from  the  diet:  (1)  digestion 
of  the  food  matrix,  (2)  formation  of  lipid  micelles  in  the  gastrointes- 


Very  high  bioavailability 


ri 


Examples  of  Specific  I  Food 

Components  or  Foods  I  Matrix 


Formulated  natural  or  I  Formulated  carotenoids  in 
synthetic  carotenoids  I  water-dispersible  beadlets 


Natural  or  synthetic 
Papaya,  peach,  melon 
Squash,  yam,  sweet  potato 
Tomato  juice 

Carrots,  peppers 

Tomato 
Carrots,  peppers 
Spinach 


Carotenoids — oil  form 

Fruits 

Tubers 

Processed  juice  with  fat 
containing  meal 

Mildly  cooked  yellow/ 
orange  vegetables 

Raw  juice  without  fat 

Raw  yellow/orange  vegetables 

Raw  green  leafy  vegetables 


Very  low  bioavailability  (<1 0%) 


FIGURE  8-3  Effect  of  food  matrix  and  processing  on  bioavailability  of  carotenoids. 
SOURCE:  Adapted  from  Boileau  et  al  (1999). 
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tinal  tract,  (3)  uptake  of  carotenoids  by  intestinal  mucosal  cells,  and 
(4)  transport  of  carotenoids  and  their  metabolic  products  to  the 
lymph  or  portal  circulation. 

Food  Matrix 

Of  the  factors  that  affect  carotenoid  bioavailability,  the  food  ma¬ 
trix  effects  on  carotenoid  absorption  are  generally  the  most  critical. 
The  absorption  of  P-carotene  supplements  that  are  solubilized  with 
emulsifiers  and  protected  by  antioxidants  can  be  70  percent  or 
more.  In  contrast,  less  than  5  percent  bioavailability  of  carotenes 
has  been  reported  from  raw  foods  such  as  carrots  (Rodriguez  and 
Irwin,  1972)  .  Recently,  van  het  Hof  et  al.  (1999)  reported  substan¬ 
tial  differences  between  the  relative  bioavailabilities  of  ^-carotene 
(14  percent)  compared  to  lutein  (67  percent)  when  feeding  a  high- 
vegetable  diet  (490  g  of  vegetables  without  supplements)  and  com¬ 
paring  it  to  a  low-vegetable  diet  (130  g  of  vegetables)  supplemented 
with  [3-carotene  (6  mg/ day)  or  lutein  (9  mg/ day),  both  of  which 
were  assumed  to  be  100  percent  bioavailable.  These  differences  were 
based  on  changes  in  plasma  concentration  of  (3-carotene  or  lutein. 

Daily  supplementation  of  dark-green  leafy  vegetables  rich  in  caro¬ 
tenoids  to  lactating  Indonesian  women  with  low  vitamin  A  status 
did  not  increase  vitamin  A  status,  whereas  a  similar  amount  of  13- 
carotene  given  in  a  wafer  supplement  led  to  a  significant  increase  in 
plasma  retinol  (de  Pee  et  al.,  1995).  More  recently,  the  same  group 
(de  Pee  et  al.,  1998)  studied  anemic  school  children  in  Indonesia 
and  calculated  the  relative  vitamin  A  equivalency  of  |3-carotene  from 
different  food  sources.  The  calculated  equivalencies  were  as  fol¬ 
lows:  26  jig  of  P-carotene  from  leafy  vegetables  and  carrots  corre¬ 
sponded  to  12  pg  of  p-carotene  from  fruit,  and  equaled  1  pg  of 
preformed  vitamin  A  in  vitamin  A-rich  foods.  In  contrast,  Mahapatra 
and  Manorama  (1997),  in  a  small  study  with  vitamin  A-deficient 
school  children  in  India,  concluded  that  p-carotene  from  red  palm 
oil  was  as  bioavailable  as  preformed  vitamin  A. 

p-Carotene  in  the  form  of  supplements  has  a  much  higher  bio- 
availablity  than  P-carotene  from  foods.  Micozzi  et  al.  (1992)  demon¬ 
strated  that  30  mg/day  of  supplemental  all-trans  p-carotene  pro¬ 
duced  more  than  a  fivefold  increase  in  plasma  P-carotene  compared 
to  29  mg/ day  of  p-carotene  from  carrots.  The  relatively  low  bioavail¬ 
ability  of  plant  carotenoids  may  be  due  to  the  fact  that  they  can  be 
bound  in  carotenoproteins  and  are  often  associated  with  the  plant 
matrix.  Typically  in  green  leafy  vegetables,  carotenoids  are  found 
bound  in  chloroplasts  where  they  play  roles  in  photosynthesis.  In 
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carrot  root,  a-  and  p-carotene  are  largely  in  crystal  forms.  In  both 
cases,  the  carotenoids  are  not  easily  solubilized  out  of  these  tissues 
by  the  digestive  process. 

Cooking 

The  hypothesis  that  cooking  may  improve  the  bioavailability  of 
carotenoids  has  been  tested.  The  bioavailability  of  lycopene  from 
tomato  juice  is  vastly  improved  by  heat  treatment  in  the  presence  of 
oil  (Gartner  et  al.,  1997;  Stahl  and  Sies,  1992).  When  subjects  con¬ 
sumed  tomato  juice  (equivalent  to  a  single  lycopene  dose  of  2.5 
pmol/kg  body  weight)  that  had  been  heated  at  100°C  for  1  hour 
with  oil,  they  experienced  a  serum  lycopene  peak  at  24  to  48  hours. 
In  contrast,  equivalent  doses  that  were  not  heat  treated  did  not 
result  in  an  increase  in  serum  lycopene.  Steaming  has  also  been 
shown  to  increase  the  amount  of  extractable  carotenoids  in  spinach 
and  carrots  (Dietz  et  al.,  1988).  In  contrast  to  steaming,  more  pro¬ 
longed  exposure  to  high  temperatures  (boiling)  can  reduce  the 
carotenoid  availability  of  vegetables  by  increasing  the  production  of 
isomers  or  oxidation  products.  For  example,  canned  carrots  contain 
73  percent  all-trans  p-carotene,  19  percent  13-m-p-carotene,  and  8 
percent  9-ds-p-carotene,  while  fresh  carrots  contain  100  percent  of 
the  p-carotene  in  the  all-trans  configuration  (Chandler  and  Schwartz, 
1987).  The  relative  vitamin  A  values  of  cis  isomers  of  P-carotene 
compared  to  all-trans  p-carotene  is  an  active  area  of  research. 

Dietary  Fat 

Many  research  groups  have  shown  that  to  optimize  carotenoid 
absorption,  dietary  fat  must  be  consumed  during  the  same  eating 
period  as  the  carotenoid.  Roels  et  al.  (1958)  demonstrated  that  in 
boys  with  vitamin  A  deficiency  in  an  African  village,  supplementa¬ 
tion  of  their  carotene-sufficient  but  low-fat  diets  with  18  g/day  of 
olive  oil  improved  carotene  absorption  from  5  to  25  percent.  More 
recently,  Jalal  et  al.  (1998)  studied  the  roles  of  p-carotene-rich  meals 
(mostly  red  sweet  potatoes),  extra  dietary  fat  (15  g/day),  and  de- 
worming  on  serum  retinol  concentrations  of  children  in  Sumatra. 
Prior  to  the  intervention,  these  children  all  had  intestinal  infesta¬ 
tions  and  were  consuming  diets  with  about  7  percent  of  calories 
from  fat.  A  3-week  intervention  of  P-carotcne-rich  meals  alone  im¬ 
proved  vitamin  A  status  without  added  fat  or  deworming,  but  the 
combination  of  all  three  measures — P-carotene  meals,  added  fat, 
and  deworming — provided  the  greatest  increase  in  serum  retinol. 


p-CAROTENE  AND  OTHER  CAROTENOIDS 


357 


Other  Factors 

Lipid-lowering  drugs  have  been  shown  to  decrease  serum  caro¬ 
tenoids  dramatically  (Elinder  et  al.,  1995).  In  a  double-blind,  ran¬ 
domized  trial,  treatment  with  cholestyramine  (a  lipid-lowering  res¬ 
in)  for  4  months  and  probucol  (antioxidant  and  lipid-lowering  drug) 
for  2  months  resulted  in  a  65  percent  reduction  in  serum  P-carotene 
and  a  51  percent  reduction  in  lycopene.  The  reductions  were  attrib¬ 
uted  to  reduced  intestinal  absorption  of  lipids  by  cholestyramine 
and  reduced  lipoprotein  particle  number  and  size  by  probucol.  Su¬ 
crose  polyester  (olestra) ,  the  nonabsorbable  fat  substitute,  lowered 
carotenoid  absorption  when  consumed  at  the  same  time  as  caro¬ 
tenoids  (Koonsvitsky  et  al.,  1997;  Weststrate  and  van  het  Hof,  1995). 
Plant  sterol-enriched  margarines  (Weststrate  and  Meijer,  1998)  and 
dietary  pectin  supplementation  also  decreased  P-carotene  absorp¬ 
tion  (Rock  and  Swendseid,  1992). 

Nutrient-Nutrient  Interactions 

Competitive  interactions  among  different  carotenoids  during  the 
absorptive  process  have  been  studied.  Recipients  of  daily  p-carotene 
supplements  in  either  12-mg  or  30-mg  capsules  for  6  weeks  had 
significantly  lower  plasma  lutein  concentrations  than  subjects  who 
consumed  both  p-carotene  and  lutein  from  food  sources  (Micozzi 
et  al.,  1992).  In  addition,  plasma  p-carotene  was  higher  in  the 
subjects  receiving  p-carotene  as  supplements  rather  than  as  food, 
demonstrating  the  greater  bioavailability  of  this  source.  Interactions 
between  P-carotene  and  lutein  have  also  been  described  by  other 
investigators.  When  subjects  were  given  purified  crystalline  p-caro- 
tene  and  crystalline  lutein  in  a  combined  dose,  p-carotene  signifi¬ 
cantly  reduced  the  serum  area  under  the  curve  (AUC)  value  (a 
measure  of  total  absorption)  for  lutein  (Kostic  et  al.,  1995).  Lutein 
in  a  combined  dose  with  p-carotene  significantly  enhanced  p-caro¬ 
tene  AUC  in  those  subjects  whose  AUC  for  P-carotene  (when  dosed 
alone)  was  the  lowest. 

These  studies  (White  et  al.,  1994)  indicate  that  two  carotenoids 
administered  concurrently  in  controlled  settings  can  affect  the  ab¬ 
sorption  of  each  other.  Several  investigators  have  examined  the  ef¬ 
fect  of  daily  supplementation  with  high-dose  P-carotene  on  plasma 
concentrations  of  other  carotenoids  in  participants  in  multiyear 
cancer  prevention  intervention  trials  (Albanes  et  al.,  1997;  Mayne  et 
al.,  1998;  Nierenberg  et  al.,  1997;  Wahlqvist  et  al.,  1994).  These 
studies  suggest  no  overall  adverse  effect  on  other  carotenoids  with 
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high-dose  supplementation  of  p-carotene  daily  for  several  years. 
This  finding  is  not  inconsistent  with  the  results  of  the  metabolic 
studies,  because  the  trials  were  done  in  free-living  individuals  taking 
a  supplement  of  p-carotene  each  day,  which  most  likely  is  not  con¬ 
sumed  concurrently  with  an  entire  day’s  intake  of  other  carotenoids 
from  food. 

FINDINGS  BY  LIFE  STAGE  AND  GENDER  GROUP 

As  discussed  elsewhere  in  this  document,  this  report  does  not  estab¬ 
lish  a  requirement  for  p-carotene  or  other  carotenoids  for  any  gender 
or  life  stage  group.  This  issue  will  be  considered  in  a  subsequent 
report  when  addressing  vitamin  A.  However,  the  following  summa¬ 
rizes  findings  regarding  carotenoid  status,  as  measured  by  serum 
carotenoid  concentrations,  in  different  groups  of  the  population. 

Special  Populations 

If  plasma  carotenoid  concentrations  are  considered  as  an  indica¬ 
tor  of  adequacy  with  regard  to  reducing  risk  of  chronic  disease,  it 
becomes  apparent  that  certain  subgroups  of  the  population  are 
known  to  have  notably  lower  circulating  concentrations  of  caro¬ 
tenoids.  Thus,  consumption  of  carotenoid-containing  foods  may 
have  to  be  greater  in  these  groups  in  order  to  achieve  plasma  caro¬ 
tenoid  concentrations  that  are  associated  with  a  reduced  risk  of 
chronic  disease  (Table  8-3). 

Adolescents 

Serum  carotenoid  concentrations  were  measured  in  the  Third 
National  Health  and  Nutrition  Examination  Survey  (NHANES  III). 
As  shown  in  Appendix  Table  F-4,  serum  P-carotene  concentrations 
were  lower  during  the  period  of  adolescence  and  early  adulthood  in 
this  U.S.  population  survey.  The  average  concentration  in  children 
was  approximately  0.34  pmol/L  (18  pg/dL),  which  dropped  to  0.28 
pmol/L  (15  pg/ dL)  or  less  in  teenagers  and  did  not  return  to  child¬ 
hood  concentrations  until  the  fourth  decade  (the  thirties)  for 
women,  and  the  fifth  decade  (the  forties)  for  men.  This  lower  level 
during  adolescence  is  also  evident  for  a-carotene  (Appendix  Table 
F-5),  p-cryptoxanthin  (Appendix  Table  F-6),  and  lutein/zeaxanthin 
(Appendix  Table  F-7) ,  but  not  lycopene  (Appendix  Table  F-8) .  This 
may  reflect  relatively  greater  consumption  of  tomato  products  com¬ 
pared  to  other  vegetables  by  adolescents  in  the  United  States. 
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Smoking 

Many  investigators  have  reported  that  those  who  smoke,  on  aver¬ 
age,  have  lower  plasma  carotenoid  concentrations  compared  to  in¬ 
dividuals  that  don’t  smoke  (Brady  et  aL,  1996;  Chow  et  al.,  1986; 
Comstock  et  al.,  1988;  Fukao  et  al.,  1996;  Herbeth  et  al.,  1990; 
Marge  tts  and  Jackson,  1996;  Pamuk  et  al.,  1994;  Stryker  et  al.,  1988; 
Witter  et  al.,  1982).  The  greater  the  intensity  of  smoking  (cigarettes 
per  day),  the  greater  is  the  decrease  in  serum  carotenoid  concen¬ 
trations.  Fukao  et  al.  (1996)  studied  1,902  Japanese  men  in  a  cohort 
study  and  showed  a  dose-dependent  decline  in  geometric  mean 
serum  (3-carotene  with  greater  smoking  intensity  (Table  8-5). 

While  smokers  ingest  less  (3-carotene  than  nonsmokers,  it  is  un¬ 
clear  at  present  whether  or  not  the  lower  serum  concentrations 
seen  can  be  fully  explained  by  the  reduced  (3-carotene  intakes  of 
smokers,  as  discussed  recently  by  Brady  et  al.  (1996).  Many  studies 
find  differences  in  serum  carotenoid  concentrations  even  after  ad¬ 
justing  for  intake.  However,  because  dietary  intake  is  necessarily 
measured  with  some  error,  it  is  unclear  whether  full  adjustment  is 
possible.  Tobacco  smoke  is  known  to  be  highly  oxidative,  and  the 
gas  phase  of  tobacco  smoke  has  been  shown  to  destroy  P-carotene 
and  other  carotenoids  in  in  vitro  studies  of  human  plasma  (Han del- 
man  et  al.,  1996).  As  demonstrated  recently  by  Baker  et  al.  (1999), 
both  smoke  and  gas-phase  smoke  oxidize  P-carotene  to  carbonyls, 
epoxides,  and  nitro  derivatives.  Thus,  it  is  possible  that  the  smoke 
oxidatively  degrades  p-carotene  in  vivo  and  thus  contributes  to  the 
reduction  in  circulating  levels. 


TABLE  8-5  Serum  p-Carotene  in  Men 
in  Relation  to  Smoking 


Mean*2  Serum 
[3-Carotene  (pmol/L) 

Nonsmokers 

0.39  (20.7  pg/dL) 

Ex-smokers 

0.31  (16.6  pg/dL) 

Smokers 

1-10  cigarettes/d 

0.25  (13.6  pg/dL) 

11-20  cigarettes/d 

0.23  (12.1  pg/dL) 

21-100  cigarettes/d 

0.20  (10.5  pg/dL) 

a  Geometric  mean. 

SOURCE:  Fukao  et  al.  (1996). 
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A  first  report  in  the  area  of  putative  mechanisms  to  explain  the 
increase  in  lung  cancer  risk  observed  in  heavy  smokers  taking  high- 
dose  supplements  indicates  that  ferrets  exposed  to  cigarette  smoke 
and  supplemented  with  P-carotene  developed  squamous  metaplasia 
in  their  lungs  as  well  as  altered  retinoid  signaling  (Wang  et  ah, 
1999).  Another  report  suggests  that  oxidation  products  of  P-caro¬ 
tene  stimulate  the  binding  of  metabolites  of  benzo[ a]  pyrene  to 
deoxyribonucleic  acid  (Salgo  et  ah,  1999).  These  very  new  data  await 
confirmation  and  further  development. 

Although  smoking  may  result  in  a  need  for  higher  intakes  of  di¬ 
etary  carotenoids  to  achieve  optimal  plasma  carotenoid  concentra¬ 
tions,  caution  is  warranted  because  p-carotene  supplements,  but  not 
p-carotene-rich  foods,  have  been  suggested  as  causing  adverse  ef¬ 
fects  in  smokers  (see  “Tolerable  Upper  Intake  Levels”).  Thus,  any 
recommendations  need  to  state  clearly  that  those  who  smoke,  in 
particular,  may  benefit  from  even  higher  average  intakes  of  caro¬ 
tenoids  from  foods. 

Alcohol  Consumption 

Alcohol  intake,  like  tobacco,  is  inversely  associated  with  serum  P~ 
carotene  and  carotenoid  concentrations  (Brady  et  ah,  1996;  Fukao 
etah,  1996;  Herbeth  etah,  1988,  1990;  Stryker  et  ah,  1988).  Brady  et 
ah  (1996)  reported  that  higher  ethanol  intake  was  associated  with  a 
decrease  in  all  serum  carotenoids  measured,  with  the  exception  of 
lycopene.  The  inverse  association  appears  to  be  dose  dependent  as 
shown  by  the  cohort  study  in  men  of  Fukao  et  ah  (1996)  in  Table  8- 
6.  It  should  be  noted  that  in  this  study,  the  effects  of  smoking  and 
alcohol  consumption  independently  affected  serum  P-carotene  con¬ 
centrations  in  men. 

Persons  who  consume  large  quantities  of  ethanol  typically  con¬ 
sume  diets  that  are  micronutrient  deficient.  Therefore,  as  is  the 
case  for  smoking,  it  is  not  clear  whether  the  observed  decrements 
are  fully  attributable  to  reduced  intakes  or  also  reflect  metabolic 
consequences  of  chronic  ethanol  ingestion. 

INTAKE  OF  CAROTENOIDS 
Food  Sources 

A  database  of  values  for  a-carotene,  p-carotene,  P-cryptoxanthin, 
lutein  plus  zeaxanthin,  and  lycopene  for  120  foods  has  been  assem¬ 
bled  (Mangels  et  ah,  1993)  and  was  recently  updated  and  released 
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TABLE  8-6  Serum  fLCarotene  in  Men 
in  Relation  to  Alcohol  Consumption 


Meanfl  Serum 
(3-carotene  (pmol/L) 

Nondrinkers 

0.38  (20.1  pg/dL) 

Ex-drinkers 

0.32  (16.9  pg/dL) 

Drinkers 

1-15  g  ethanol/d 

0.33  (17.9  pg/dL) 

15-28  g  ethanol/d 

0.30  (16.2  pg/dL) 

29-56  g  ethanol/d 

0.19  (10.0  pg/dL) 

56-140  g  ethanol/d 

0.15  (8.2  pg/dL) 

a  Geometric  mean. 

SOURCE:  Fukao  et  al.  (1996). 


(Holden  et  al.,  1999).  Using  an  expansion  of  the  earlier  database 
and  based  on  the  1986  U.S.  Department  of  Agriculture  Continuing 
Survey  of  Food  Intake  by  Individuals  (CSFII),  Chug-Ahuja  et  al. 
(1993)  reported  that  carrots  were  the  major  contributor  of  (3-carotene 
to  the  diet  of  women  of  reproductive  age  (25  percent)  with  lesser 
contributions  from  the  following  food  categories:  cantaloupe,  broc¬ 
coli,  vegetable  beef  or  chicken  soup,  and  spinach  or  collard  greens. 
Similarly,  the  mzyor  contributors  for  a-carotene,  (3-cryptoxanthin, 
lycopene,  and  lutein  and  zeaxanthin  were,  respectively,  carrots,  fol¬ 
lowed  by  the  categories  of  orange  juice  and  its  blends,  tomatoes 
and  tomato  products,  and  spinach  or  collard  greens. 

A  summary  of  the  carotenoid  content  of  human  milk  is  shown  in 
Table  8-7.  It  should  be  noted  that  the  (3-carotene  content  and  the 
concentrations  of  other  carotenoids  in  human  milk  are  highly  vari¬ 
able  and  appear  to  be  altered  easily  by  manipulation  of  the  caro¬ 
tenoid  content  of  the  mother’s  diet.  Most  infant  formulas,  either 
milk  or  soy  based,  do  not  have  carotenoids  added  to  them  and,  as  a 
result,  would  be  expected  to  contain  very  low  levels  of  P-carotene 
and  other  carotenoids. 


Dietary  Intake 

Data  for  intakes  of  carotenoids  (P-carotene,  a-carotene,  P-cryp- 
toxanthin,  lutein  and  zeaxanthin,  and  lycopene)  from  the  1988- 
1992  Third  National  Health  and  Nutrition  Examination  Survey 
(NHANES  III)  based  on  an  expanded  food  composition  database 
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TABLE  8-7  Carotenoid  Content  in  Human  Milk" 


Author,  Year 

Country 

Number 

of 

Subjects 

Stage  of 
Lactation^ 

Maternal  Carotenoid  Intake 

Gebre-Medhin 
et  al.,  1976 

Sweden 

66 

0.5-1 .5  mo 

1 .5- 3.5  mo 

3. 5- 6.5  mo 

Not  reported 

Butte  and 
Calloway, 
1981 

U.S.d 

23 

19-62  d 

Suboptimal 

Chappell 
et  al.,  1985 

Canada 

24/ 

1  d 

4  d 

37  d 

Not  reported 

Ostrea  et  al., 
1986 

U.S. 

19/ 

1-5  d 

Not  reported 

Patton  et  al., 
1990 

U.S. 

11 

Colostrum 

Not  reported 

Giuliano 
et  al.,  1992 

U.S. 

3 

1  mo 

Not  reported 

Giuliano 

U.S. 

18 

>1  mo 

Not  reported 

et  al.,  1994 


Canfield  U.S. 

12 

<6  mo 

Dietary  intake: 

et  al.,  1997 

p-carotcne:  5.08  ±  2.5  mg/d 
a-carotene:  13.0  ±  0.8  mg/d 

Lycopene:  2.8  ±  2.6  mg/d 
P-Carotene  supplements: 

Group  1 :  60  mg/wk  x  1 0  wk 
Group  2:  210  mg/wk  x  3  wk 
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Carotenoid  Content  in  Milk  (pg/dL) c  Methods 

(3-Carotene:  16.3  ±  7.5  Spectrophotometric 

(3-Carotene:  17.1  ±  7.5 
(3-Carotene:  20.8  ±  10.2 

Carotene:  19.7  ±  6.3*  Spectrophotometric 


Carotene:  200  ±12  HPLC£ 

Carotene:  100  ±  4 
Carotene:  23  +  5 

p-Carotene: 
day  1:  213  +  167 
day  2:  117  ±  112 
day  3:  120  ±  63 
day  4:  50  ±  20 
day  5:  39  ±  35 

a-Carotene:  16  ±  17 
(3-Carotene:  66  ±  76 
P-Cryptoxanthin:  71  ±  61 

Lycopene:  96  ±  85 

a-Carotene:  0.32  ±  0.02  HPLC 

P-Carotene:  1.01  ±  0.02 
Lutein:  1.06  ±  0.03 
Lycopene:  2.73  +  0.13 

a-Carotene:  0.6  ±  0.4  HPLC 

p-Carotene:  2.5  ±  1.6* 

P-Cryptoxanthin:  1.1  ±0.4 
Lycopene:  1.7  +  0.9 

Initial  p-carotene:  HPLC 

1.9  ±  0.3  (group  1) 

2.7  ±  0.9  (group  2) 

Postsupplementation: 

P-carotene  milk  concentrations  were 
4  times  the  initial  for  both  groups. 

No  significant  increases  in  a-carotene, 
p-cryptoxanthin,  lutein/zeaxanthin, 
or  lycopene  noted 


Spectrophotometric 


TLC^,  HPLC,  and  spectrophotometric 


continued 
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TABLE  8-7  Carotenoid  Content  in  Human  Milk" 


Author,  Year 

Country 

Number 

of 

Subjects 

Stage  of 
Lactation  h 

Maternal  Carotenoid  Intake 

Johnson  et  al., 
1997 

U.S. 

12 

1-8  mo 

Supplement: 

64  mg  tf//-frans-p-carotenc 
+  69  mg  9-m-p-carotene 
(1  dosc/d  x  7  d) 

Fed  a  low-carotenoid  diet 

Canfield  et  al., 
1998 

U.S. 

5 

>1  mo 

Mean  dietary  intake  of 

P-carotene  at  baseline  =  4.0 
±  3.5  mg/d  (measured  by 
three  24-h  dietary  intake 
records) 

Supplemented  with  30  mg 
(3-carotene  for  28  d 

NOTE:  For  Guiliano  et  al.  (1994),  Canfield  et  al.  (1997,  1998),  and  Johnson  et  al. 
(1997),  milk  carotenoid  values  were  converted  from  nmol/L  or  pmol/L  to  pg/dL.  The 
conversion  factor  used  for  p-carotene,  a-carotene,  lutein/zeaxanthin:  pg/dL  x  0.01863 
=  pmol/L.  The  conversion  factor  used  for  p-cryptoxanthin:  pg/dL  X  0.01809  =  pmol/L. 

a  Unless  noted  otherwise,  milk  content  was  based  on  studies  of  healthy  women  with 
full-term  pregnancies. 
b  pp  =  Postpartum. 
c  Mean  ±  standard  deviation. 

^  U.S.  =  United  States. 

e  Mean  milk  volume  was  reported  as  634  ±113  mL/d. 


for  carotenoids  are  presently  being  analyzed  and  are  not  available 
to  be  included  in  this  report.  Thus,  they  will  be  included  in  the 
appendix  of  the  next  DRI  report  that  will  include  vitamin  A. 

However,  dietary  recall  data  from  1,102  adult  women  participat¬ 
ing  in  the  1986  Continuing  Survey  of  Food  Intake  by  Individuals 
indicate  mean  intakes  of  (3-carotene,  a-carotene,  lutein,  and  lyco¬ 
pene  of  1.8,  0.4,  1.3,  and  2.6  mg/day,  respectively,  with  total  caro¬ 
tenoid  intake  from  (3-carotene,  a-carotene,  (3-cryptoxanthin,  lutein, 
zeaxanthin,  and  lycopene  of  approximately  6  mg/day  (Chug-Ahuja 
et  al.,  1993).  Later  food  frequency  data  from  the  8,341  adults  partic¬ 
ipating  in  the  1992  National  Health  Interview  Survey  indicate  that 
mean  intakes  of  (3-carotene,  lutein,  and  lycopene  for  men  were  2.9, 
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Carotenoid  Content  in  Milk  (pg/dL) c  Methods 


a//-Jrans-|3-Carotene7  HPLC 

prestudy:  =  42.9 
d  8:  *  225.4 
9-  m-p-Car  ote  n  e 
prestudy:  »  1.3 
d  8:  *  3.2 

Initial*-*:  HPLC 

a-carotene:  0.7  ±  0.2 
p-carotene:  3.6  ±1.0 
p-cryptoxanthin  :  1.4  ±  0.2 
Lutein/zeaxanthin:  1.2  ±  0.2 
Lycopene:  2.6  ±  0.3 
Postsupplementation: 

P-carotene  concentrations  increased, 
on  average,  6.4-fold  over  initial  and 
remained  elevated  (~  2-fold  over 
initial)  1  mo  after  supplementation 


/Milk  samples  were  obtained  from  both  preterm  and  full-term  pregnancies. 

S  HPLC  =  high-performance  liquid  chromatography. 

^  TLC  =  thin-layer  chromatography. 

*  Large  intra-  and  interindividual  variability  in  milk  carotenoid  concentration. 

3  One  month  after  the  study,  milk  concentrations  remained  higher  than  baseline  in 
the  supplemented  women.  No  changes  in  milk  concentrations  were  seen  in  the  pla¬ 
cebo  group. 

*  Mean  milk  volume  was  reported  as  62.9  mL  per  human-feeding  episode  (Canfield 
etal.,  1998). 


2.2,  and  2.3  mg/day,  respectively,  and  for  women  2.5,  1.9,  and  2.1 
mg/day,  respectively  (Nebeling  et  al.,  1997).  Another  survey,  the 
Nutritional  Factors  in  Eye  Disease  Study,  with  2,152  adults  respond¬ 
ing  to  a  food  frequency  questionnaire,  reported  median  dietary  car¬ 
otenoid  intakes  or  ranges  of  1.3  mg/day  of  p-carotene,  0.2  mg/day 
of  a-carotene,  0.02-0.07  mg/day  of  p-cryptoxanthin,  0.7-0. 8  mg/ 
day  of  lutein  and  zeaxanthin,  and  0.6-1. 6  mg/day  of  lycopene 
(VandenLangenberg  et  al.,  1996). 

Intake  levels  of  P-carotene  for  infants  can  be  estimated  using  data 
on  human  milk  concentrations  of  P-carotene  (Table  8-7).  Human 
milk  p-carotene  concentrations  obtained  at  more  than  1  month 
postpartum  varied  from  1  to  21  pg/dL.  Assuming  that  infants  re- 
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ceiving  human  milk  consume  0.78  L/day  on  average  in  the  first  6 
months  (Chapter  2);  this  would  result  in  (3-carotene  intake  levels  of 
8  to  163  pg/day. 


Intake  from  Supplements 

p-Carotene,  a-carotene,  lutein  and  zeaxanthin,  and  lycopene  are 
available  as  dietary  supplements.  There  are  no  reliable  estimates  of 
the  amount  of  these  dietary  supplements  consumed  by  individuals 
in  the  United  States  or  Canada. 

TOLERABLE  UPPER  INTAKE  LEVELS 

Hazard  Identification 


Adverse  Effects 

No  adverse  effects  other  than  carotenodermia  have  been  report¬ 
ed  from  the  consumption  of  P-carotene  or  other  carotenoids  in 
food.  Carotenodermia  is  a  harmless  but  clearly  documented  biolog¬ 
ical  effect  of  high  carotenoid  intake.  It  is  characterized  by  a  yellow¬ 
ish  discoloration  of  the  skin  that  results  from  an  elevation  of  caro¬ 
tene  concentrations. 

P-Carotene  is  used  therapeutically,  at  extremely  high  doses  (ap¬ 
proximately  180  mg/day),  for  the  treatment  of  erythropoietic  pro¬ 
toporphyria,  a  photosensitivity  disorder.  No  toxic  side  effects  have 
been  observed  at  these  doses.  There  is  no  evidence  that  P-carotene 
or  other  carotenoids  are  teratogenic,  mutagenic,  or  carcinogenic  in 
long-term  bioassays  in  experimental  animals  (Heywood  et  al.,  1985). 
In  addition,  long-term  supplementation  with  p-carotene  to  persons 
with  adequate  vitamin  A  status  does  not  increase  the  concentration 
of  serum  retinol  (Nierenberg  et  al.,  1997).  However,  two  recent 
clinical  trials  reported  an  increase  in  lung  cancer  associated  with 
supplemental  P-carotene  in  current  smokers  (ATBC  Cancer  Preven¬ 
tion  Study  Group,  1994;  Omenn  et  al.,  1996a,b).  These  effects  are 
discussed  below. 

Lung  Cancer.  The  Alpha-Tocopherol,  Beta-Carotene  (ATBC) 
Cancer  Prevention  Study  showed  a  significantly  higher  incidence  of 
lung  cancer  (relative  risk  [RR]  =  1.18;  95  percent  confidence  inter¬ 
val  [Cl]  =  1.03-1.36)  and  total  mortality  (RR  =  1.08;  95  percent  Cl  = 
1.01-1.16)  in  current  smokers  supplemented  with  20  mg/day  p- 
carotene  (with  or  without  50  mg  of  a-tocopherol)  for  5  to  8  years 
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compared  to  the  placebo  group  (ATBC  Cancer  Prevention  Study 
Group,  1994).  Supplemental  p-carotene  had  no  significant  effect 
on  the  incidence  of  other  major  cancers  occurring  in  this  popula¬ 
tion  (prostate,  bladder,  colon  or  rectum,  stomach) .  In  addition,  the 
Carotene  and  Retinol  Efficacy  Trial  (CARET),  a  multicenter  lung 
cancer  prevention  trial  of  a  nutrient  combination  versus  placebo  in 
asbestos  workers  and  smokers  (Omenn  et  al.,  1996a, b)  reported 
more  lung  cancer  cases  in  the  supplemented  group.  The  nutrient 
combination  used  in  CARET  included  supplemental  P-carotene  (30 
mg/day)  plus  retinol  (25,000  international  units  [IU]/day).  Both 
CARET  and  ATBC  included  P-carotene  in  the  intervention  and  re¬ 
ported  similar  effects  on  lung  cancer.  However,  it  should  be  noted 
that  CARET  used  a  nutrient  combination,  without  a  factorial  de¬ 
sign,  and  it  is  not  clear  whether  the  reported  effects  were  attribut¬ 
able  to  P-carotene,  retinol,  or  both  acting  in  concert 

In  contrast,  the  Physicians’  Health  Study  of  supplemental  P-caro¬ 
tene  versus  placebo  in  22,071  male  U.S.  physicians  reported  no  sig¬ 
nificant  effect  of  12  years  of  supplementation  with  p-carotene  (50 
mg  every  other  day)  on  cancer  or  total  mortality  (Hennekens  et  al., 
1996).  With  regard  to  lung  cancer,  there  was  no  indication  of  ex¬ 
cess  lung  cancer  in  the  p-carotene-supplemented  individuals,  even 
among  smokers  who  took  the  supplements  for  up  to  12  years. 

One  additional  trial,  which  was  not  designed  as  a  lung  cancer 
prevention  trial,  nonetheless  produced  results  that  are  of  relevance 
to  the  topic  of  lung  cancer  prevention.  The  trial  tested  the  efficacy 
of  four  different  nutrient  combinations  in  inhibiting  the  develop¬ 
ment  of  esophageal  and  gastric  cancers  in  30,000  men  and  women 
aged  40  to  69  years  living  in  Linxian  County,  China  (Blot  et  al., 
1993).  One  of  the  nutrient  supplements  was  a  combination  of  p- 
carotene,  selenium,  and  vitamin  E.  After  a  5-year  intervention  peri¬ 
od,  those  who  were  given  this  combination  had  a  1 3  percent  reduc¬ 
tion  in  cancer  deaths  (RR  =  0.87;  95  percent  Cl  =  0.75-1.00),  a  9 
percent  reduction  in  total  deaths  (RR  =  0.91;  95  percent  Cl  =  0.84- 
0.99),  a  4  percent  reduction  in  esophageal  cancer  deaths  (RR  = 
0.96;  95  percent  Cl  =  0.78-1.18),  and  a  21  percent  reduction  in 
gastric  cancer  deaths  (RR  =  0.79;  95  percent  Cl  =  0.64-0.99).  For 
lung  cancer,  this  trial  had  limited  statistical  power,  with  only  31  total 
lung  cancer  deaths  (Blot  et  al.,  1994).  However,  the  relative  risk  of 
death  from  lung  cancer  was  0.55  (95  percent  Cl  =  0.26-1.14)  among 
those  receiving  the  combination  of  p-carotene,  a-tocopherol,  and 
selenium.  The  smoking  prevalence,  including  individuals  who  had 
ever  smoked  cigarettes  for  6  or  more  months,  was  30  percent. 

At  the  present  time,  the  data  pertaining  to  a  possible  adverse  ef- 


368 


DIETARY  REFERENCE  INTAKES 


feet  of  |3~carotene  in  smokers  are  somewhat  conflicting.  The  results 
of  ongoing  studies  may  help  resolve  this  issue.  There  also  appears 
to  be  a  relationship  between  the  adverse  effects  of  (3-carotene  and 
both  smoking  and  alcohol  consumption  in  the  ATBC  and  CARET 
trials.  In  the  ATBC  trial,  only  those  men  who  consumed  more  than 
11  g/day  of  alcohol  (approximately  one  drink  per  day)  showed  an 
adverse  response  to  (3-carotene  supplementation  (Alban es  et  al., 
1996).  In  the  CARET  study,  adverse  effects  were  associated  with  the 
individuals  in  the  highest  quartile  of  alcohol  intake  (Omenn  et  ah, 
1996a). 

Carotenodermia.  Carotenodermia  is  characterized  by  yellowish  dis¬ 
coloration  of  the  skin  that  results  from  an  elevation  of  plasma  caro¬ 
tene  concentrations.  This  condition  has  been  reported  in  adults 
taking  supplements  containing  30  mg/day  or  more  of  p-carotene 
for  long  periods  of  time  or  consuming  high  levels  of  carotenoid- 
rich  foods  such  as  carrots  (Bendich,  1988)  and  is  the  primary  effect 
of  excess  carotenoid  intake  noted  in  infants,  toddlers,  and  young 
children  (Lascari,  1981).  Carotenodermia  is  distinguished  from 
jaundice  in  that  the  ocular  sclera  are  yellowed  in  jaundiced  subjects 
but  not  in  those  with  carotenodermia.  Carotenodermia  is  consid¬ 
ered  harmless  and  is  readily  reversible  when  carotene  ingestion  is 
discontinued. 

Lycopenodermia.  Lycopenodermia  results  from  high  intakes  of  ly¬ 
copene-rich  foods  such  as  tomatoes  and  is  characterized  by  a  deep 
orange  discoloration  of  the  skin.  Lycopene  is  a  more  intensely  col¬ 
ored  pigment  than  carotene  and  may  cause  discoloration  at  lower 
concentrations  than  other  carotenoids  (Lascari,  1981). 

Other  Adverse  Effects.  Allergic  reactions,  increased  incidence  of 
prostate  cancer,  retinopathy,  leukopenia,  and  reproductive  disor¬ 
ders  have  been  associated  anecdotally  with  high  carotene  consump¬ 
tion  (Bendich,  1988;  Kobza  et  al.,  1973;  Shoenfeld  et  al.,  1982). 
None  of  these  effects  has  been  confirmed  by  clinical  trials.  There  is 
no  evidence  of  hypervitaminosis  A  in  individuals  consuming  high 
levels  of  P-carotene  or  other  carotenoids  (up  to  180  mg/day)  (Lewis, 
1972;  Mathews-Roth,  1986;  Mathews-Roth  et  al.,  1972,  1974). 

Dose-Response  Assessment 

The  data  on  the  potential  for  P-carotene  to  produce  increased 
lung  cancer  rates  in  smokers  are  conflicting  and  not  sufficient  for  a 
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dose-response  assessment  and  derivation  of  a  Tolerable  Upper  In¬ 
take  Level  (UL)  for  this  endpoint.  Supplements  of  30  mg/ day  or 
more  of  p-carotene  for  long  periods  of  time  may  be  associated  with 
carotenodermia,  but  this  effect  is  more  cosmetic  than  adverse  and 
can  be  considered  harmless  and  readily  reversible.  Because  of  the 
inconsistent  data  on  adverse  effects  of  p-carotene,  a  UL  cannot  be 
established  at  this  time.  ULs  are  not  established  for  other  caro¬ 
tenoids  due  to  a  lack  of  suitable  data. 

Intake  Assessment 

Data  for  intakes  of  carotenoids  (p-carotene,  a-carotene,  p-crypto- 
xanthin,  lutein  and  zeaxanthin,  and  lycopene)  from  the  1988-1992 
Third  National  Health  and  Nutrition  Examination  Survey 
(NHANES  III)  based  on  an  expanded  food  composition  database 
for  carotenoids  are  presently  being  analyzed  and  are  not  available 
to  be  included  in  this  report  Thus,  they  will  be  included  in  the 
appendix  of  the  next  DRI  report  that  will  include  vitamin  A. 

Risk  Characterization 

A  possible  increase  in  lung  cancer  incidence  has  been  noted  only 
in  smokers  taking  high-dose  supplements  of  P-carotene  (20  mg/day 
or  greater) .  As  discussed  earlier,  supplemental  forms  of  P-carotene 
have  markedly  greater  bioavailability  than  p-carotene  from  foods. 
The  bioavailability  of  P-carotene  from  supplements  can  also  be  vari¬ 
able  depending  on  the  formulation,  nutritional  status  of  the  person 
or  population,  and  dietary  intake  pattern  (e.g.,  fat  intake).  Given 
these  substantial  differences  in  bioavailability,  it  is  perhaps  logical 
to  characterize  the  risk  as  a  function  of  plasma  p-carotene  concen¬ 
tration  (see  Figure  8-4).  Median  serum  p-carotene  concentrations 
in  the  participants  receiving  20  mg/day  of  P-carotene  in  the  Finnish 
trial  rose  from  0.32  pmol/L  (17  pg/dL)  at  baseline  to  5.66  pmol/L 
(300  pg/ dL)  at  3  years;  this  blood  concentration  was  associated  with 
an  adverse  effect  (ATBC  Cancer  Prevention  Study  Group,  1994).  In 
CARET,  the  median  postintervention  plasma  concentration  of  P- 
carotene  was  3.96  pmol/L  (210  pg/dL);  this  blood  concentration 
also  was  reported  to  be  associated  with  an  adverse  effect  (Omenn  et 
al.,  1996a).  The  first  to  ninety-ninth  percentile  for  plasma  p-caro¬ 
tene  from  NHANES  III  is  also  indicated  in  Appendix  Table  F-4. 
These  data  suggest  that  the  concentrations  associated  with  possible 
adverse  effects  on  lung  cancer  are  well  beyond  the  concentrations 
achieved  via  dietary  intake. 
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Thus,  while  20  mg/day  of  (3-carotene  in  the  form  of  a  supplement 
is  sufficient  to  raise  blood  concentrations  to  a  range  reported  to  be 
associated  with  an  increase  in  lung  cancer  risk,  the  same  amount  of 
[3-carotene  in  foods  is  not.  Micozzi  et  al.  (1992)  demonstrated  that 
30  mg/day  of  supplemental  (3-carotene  produced  more  than  a  five¬ 
fold  increase  in  plasma  (3-carotene  compared  to  29  mg/ day  of  [3- 
carotene  from  carrots. 

Based  on  these  considerations,  the  existing  recommendation  for 
consumption  of  five  or  more  servings  of  fruits  and  vegetables  per 
day  is  supported  because  this  would  provide  3  to  6  mg/day  of  13- 
carotene.  A  UL  has  not  been  set  for  (3-carotene  or  carotenoids.  In¬ 
stead,  it  is  concluded  that  |3-carotene  supplements  are  not  advisable 
for  the  general  population.  This  conclusion  is  based  on  a  totality  of 
evidence  that  includes  several  large-scale  randomized  trials  of  sup¬ 
plemental  (3-carotene.  These  trials  indicate  a  lack  of  evidence  of 
overall  benefit  on  total  cancer  or  cardiovascular  disease  and  possi¬ 
ble  harm  in  certain  subgroups  such  as  current  smokers  or  asbestos- 
exposed  subjects.  This  advisement  does  not  pertain  to  the  possible 
use  of  supplemental  (3-carotene  as  a  provitamin  A  source  or  for  the 
prevention  of  vitamin  A  deficiency  in  populations  with  inadequate 
vitamin  A  nutriture  or  in  patients  suffering  from  erythropoietic  pro¬ 
toporphyria. 

RESEARCH  RECOMMENDATIONS  FOR  |3-CAROTENE  AND 
OTHER  CAROTENOIDS 

•  As  described  earlier,  ^-carotene  and  other  carotenoids  have 
been  shown  to  modulate  a  variety  of  intermediate  endpoints.  How¬ 
ever,  studies  validating  that  changes  in  an  intermediate  endpoint 
are  predictive  of  changes  in  a  health  outcome  are  critically  needed. 
As  an  example,  macular  pigment  optical  density  (MPOD)  is  a  prom¬ 
ising  intermediate  marker  for  age-related  macular  degeneration 
(AMD),  but  human  studies  validating  this  endpoint  prospectively 
are  needed,  as  are  studies  demonstrating  that  changes  in  MPOD 
are  predictive  of  changes  in  risk  of  macular  degeneration. 

•  As  a  corollary,  studies  are  needed  on  the  effects  of  long-term 
depletion  of  (3-carotene  and  subsequent  repletion,  with  an  evalua¬ 
tion  of  validated  intermediate  endpoints. 

•  Significantly  more  research  is  needed  on  health  effects  of 
dietary  carotenoids  other  than  [3-carotene.  Possible  associations  be¬ 
tween  lycopene  and  decreased  prostate  cancer  risk,  between  lutein 
and  zeaxanthin  and  lowered  risk  of  AMD,  and  between  a-carotene 
or  lutein  and  various  cancers  have  to  be  evaluated  in  additional 
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observational  studies,  in  animal  models,  and  in  human  intervention 
trials,  if  justified.  Studies  should  consider  not  only  the  other  caro¬ 
tenoids,  but  also  the  cis-  versus  /rarw-configuration  of  the  carotenoid. 

•  Since  the  data  from  the  human  intervention  trials  of  P-caro- 
tene  are  contradictory,  additional  data  are  needed  from  interven¬ 
tion  trials  involving  P-carotene,  several  of  which  are  ongoing.  An 
examination  is  needed  of  health  effects  in  populations  with  varying 
baseline  risk  profiles  and,  in  particular,  of  studies  evaluating  inter¬ 
ventions  in  populations  with  poor  baseline  nutritional  status.  Post¬ 
trial  follow-up  of  completed  p-carotene  trials  is  also  needed. 

•  Studies  aimed  at  the  identification  of  correlates  of  higher  P- 
carotene  intake  and  plasma  concentrations,  which  might  help  to 
explain  the  lower  risks  of  cancer  associated  with  carotene-rich  diets, 
are  needed. 

•  Additional  research  is  needed  that  targets  putative  mecha¬ 
nisms  to  explain  a  possible  increase  in  lung  cancer  risk  in  heavy 
smokers  taking  high-dose  P-carotene  supplements  (animal  studies, 
biochemical  studies,  and  molecular  studies).  In  particular,  confir¬ 
mation  and  extension  of  findings  such  as  those  of  recent  reports 
regarding  lung  metaplasia  (Wang  et  al.,  1999)  and  carotenoid  oxi¬ 
dation  products  (Salgo  et  al.,  1999),  and  their  relevance  to  cancer 
development  in  humans,  are  needed. 

•  Surveys  are  needed  that  routinely  assess  and  report  dietary 
intakes  of  individual  food  carotenoids  from  large,  representative 
population  samples.  Intakes  from  both  foods  and  dietary  supple¬ 
ments  must  be  considered. 

•  Efforts  should  be  directed  toward  evaluating  equivalency  and 
demonstrating  efficacy  of  carotenoids  in  foods  to  meet  vitamin  A 
needs  in  vitamin  A-deflcient  populations,  in  order  to  develop  sus¬ 
tainable  strategies  to  eradicate  this  worldwide  public  health  problem. 
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OVERVIEW 

The  Dietary  Reference  Intakes  (DRIs)  may  be  used  for  many  pur¬ 
poses.  These  fall  into  two  broad  categories:  assessing  nutrient  in¬ 
takes  and  planning  for  nutrient  intakes.  Each  category  may  be  fur¬ 
ther  subdivided  into  uses  for  individual  diets  and  uses  for  diets  of 
groups  (Figure  9-1). 

For  example,  the  Estimated  Average  Requirement  (EAR)  and  Tol¬ 
erable  Upper  Intake  Level  (UL)  may  be  used  as  components  of  a 
dietary  assessment  of  an  individual  client  in  a  health  care  clinic;  the 
Recommended  Dietary  Allowance  (RDA)  and  Adequate  Intake  (AI) 
may  be  Used  as  components  to  plan  an  improved  diet  for  the  same 
client.  Likewise,  the  EARs  and  ULs  may  be  used  to  assess  the  nutri¬ 
ent  quality  of  a  group  of  individuals  participating  in  a  dietary  survey 
(such  as  those  regularly  conducted  as  part  of  the  National  Nutrition 
Monitoring  System)  or  to  plan  nutritionally  adequate  diets  for 
groups  of  people  receiving  meals  in  nursing  homes,  schools,  and 
other  group-feeding  settings. 

In  the  past,  RDAs  in  the  United  States  and  Recommended  Nutri¬ 
ent  Intakes  (RNIs)  in  Canada  were  the  primary  values  available  to 
health  professionals  for  planning  and  assessing  the  diets  of  individ¬ 
uals  and  of  groups  and  as  a  basis  for  making  judgments  about  inad¬ 
equate  or  excessive  intake.  However,  these  former  RDAs  and  RNIs 
were  not  ideally  suited  for  many  of  these  purposes  (IOM,  1994). 
The  DRIs  provide  a  more  complete  set  of  reference  values.  The 
transition  from  using  RDAs  or  RNIs  alone  to  using  each  different 
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FIGURE  9-1  Conceptual  framework — uses  of  Dietary  Reference  Intakes. 
"Food  plus  supplements. 


DRI  appropriately  will  require  time  and  effort  by  health  profession¬ 
als  and  others. 

Appropriate  uses  of  each  of  the  new  DRIs  are  described  briefly  in 
this  chapter  and  in  more  detail  in  upcoming  reports  on  the  uses 
and  applications  of  the  DRIs.  Also  included  in  this  chapter  are 
specific  applications  to  the  nutrients  discussed  in  this  report.  Details 
on  how  the  DRIs  are  set  with  reference  to  specific  life  stages  and 
genders  and  the  primary  criteria  used  to  define  adequacy  or  adverse 
effects  for  each  of  these  groups  are  given  in  Chapters  5  through  8 
of  this  report. 

ASSESSING  NUTRIENT  INTAKES  OF  INDIVIDUALS 

Using  the  Estimated  Average  Requirement  for  Individuals 

The  Dietary  Reference  Intakes  (DRIs)  were  not  designed  to  be 
used  alone  in  assessing  the  adequacy  of  the  diet  of  a  specific  individ¬ 
ual  because  there  is  a  wide  range  of  requirements  among  individu- 
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als.  The  Estimated  Average  Requirement  (EAR)  estimates  the  medi¬ 
an  requirement  of  a  distribution  of  requirements  for  a  life  stage  or 
gender  group,  but  it  is  not  possible  to  know  where  an  individual 
falls  on  this  distribution  without  further  physiological  or  biochemi¬ 
cal  measures.  Thus,  from  dietary  data  alone,  it  is  only  possible  to 
estimate  the  likelihood  of  nutrient  adequacy.  Furthermore,  it  is  rare 
to  have  precise  and  representative  data  on  usual  intake  of  an  indi¬ 
vidual,  which  adds  additional  uncertainty  to  the  evaluation  of  an 
individual’s  dietary  adequacy.  Thus,  true  nutrient  status  can  usually 
be  determined  only  by  obtaining  physiological  and  biochemical  data 
for  the  individual,  and  not  from  dietary  assessment  alone. 

There  are  a  number  of  inherent  inaccuracies  in  dietary  assess¬ 
ment  methods.  One  is  that  individuals  often  underreport  their  in¬ 
takes  (Briefel  et  al.,  1997;  Mertz  et  al.,  1991),  and  it  appears  that 
obese  individuals  do  so  to  a  greater  extent  than  normal-weight  indi¬ 
viduals  (Heitmann  and  Lissner,  1995).  Furthermore,  large  day-to- 
day  variations  in  intake,  which  occur  for  almost  all  individuals,  ne¬ 
cessitate  many  days  of  measurement  to  approximate  usual  intake. 
As  a  result,  substantial  caution  must  be  used  when  interpreting  nu¬ 
trient  assessments  based  on  self-reported  dietary  data  covering  rela¬ 
tively  few  days  of  intake.  Given  the  difficulties  in  accurately  estimat¬ 
ing  usual  intake,  as  well  as  the  variance  in  requirements,  a  qualitative 
interpretation  is  recommended  as  described  below: 

•  If  usual  intake  of  an  individual  is  greater  than  or  equal  to  the 
Recommended  Dietary  Allowance  (RDA),  there  is  little  likelihood  that 
intake  is  inadequate.  Intake  at  this  level  is  expected  to  be  inade¬ 
quate  for  fewer  than  2  to  3  percent  of  individuals  (IOM,  1997, 1998). 

•  If  usual  intake  is  between  the  RDA  and  the  EAR,  there  is  a 
great  deal  of  uncertainty  about  whether  that  intake  is  inadequate 
and  additional  information  about  the  individual  may  be  needed. 
Usual  intake  between  the  RDA  and  the  EAR  is  inadequate  for  about 
3  to  50  percent  of  the  individuals  in  the  life  stage  group.  If  these 
individuals  maintained  intakes  at  this  level  over  a  prolonged  time 
period,  they  might  demonstrate  the  signs  of  inadequacy  used  to 
establish  the  EAR.  For  example,  inadequate  intake  of  vitamin  C 
would  lead  to  low  ascorbate  saturation  of  neutrophils. 

•  If  usual  intake  is  less  than  the  EAR,  there  is  a  high  likelihood 
that  intake  is  inadequate.  Usual  intake  at  the  EAR  is  expected  to  be 
inadequate  for  at  least  50  percent  of  individuals. 

•  Because  usual  intakes  are  so  difficult  to  measure,  and  because 
an  individual’s  actual  requirement  is  usually  unknown,  evaluation 
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based  on  dietary  assessment  should  be  confirmed  by  other  mea¬ 
sures,  especially  when  a  high  likelihood  of  inadequacy  is  suspected. 

For  example,  a  30-year-old  woman  who  consumes  an  average  of 
55  mg/ day  of  vitamin  C  from  her  food  and  takes  a  multiple  vitamin 
four  times  a  week  containing  60  mg  of  vitamin  C  would  average  89 
mg/day  (55  mg  +  [60  mg  X  4/7]).  Thus,  her  diet  alone  would  put 
her  at  high  likelihood  of  inadequacy,  since  it  is  below  the  EAR  of  60 
mg/day.  Addition  of  the  supplement,  however,  would  add  up  to  a 
sum  on  average  above  the  RDA  of  75  mg/ day  for  adult  women,  thus 
suggesting  little  likelihood  that  intake  is  inadequate  if  the  dietary 
assessment  represents  her  true  usual  intake. 

Using  the  Adequate  Intake  for  Individuals 

For  vitamin  C,  vitamin  E,  and  selenium,  Adequate  Intakes  (AIs), 
rather  than  EARs  or  RDAs,  have  been  set  only  for  infants.  By  defini¬ 
tion  and  observation,  healthy  infants  who  are  exclusively  fed  human 
milk  for  the  first  6  months  of  life  by  apparently  healthy  mothers  are 
consuming  an  adequate  amount  of  these  nutrients.  Infants  who  are 
consuming  formulas  with  a  nutrient  profile  similar  to  human  milk 
(after  adjustment  for  differences  in  bioavailability)  for  these  three 
nutrients  are  also  consuming  adequate  levels.  In  the  case  where  an 
infant  formula  contains  a  lower  level  of  these  nutrients  than  human 
milk,  the  likelihood  of  nutrient  adequacy  for  infants  consuming 
this  formula  cannot  be  determined  as  data  on  infants  at  lower  con¬ 
centrations  of  intake  are  not  available  for  review. 

Using  the  Tolerable  Upper  Intake  Level  for  Individuals 

The  Tolerable  Upper  Intake  Level  (UL)  is  used  to  determine  the 
possibility  of  overconsumption  of  a  nutrient.  If  an  individual’s  usual 
nutrient  intake  remains  below  the  UL,  there  is  little  risk  of  adverse 
effects  from  excessive  intake.  At  intakes  above  the  UL,  the  risk  of 
adverse  effects  increases.  However,  the  intake  at  which  a  given  indi¬ 
vidual  will  develop  adverse  effects  as  a  result  of  taking  large  amounts 
of  a  nutrient  is  not  known  with  certainty.  For  example,  an  individu¬ 
al  consuming  supplements  of  vitamin  C  that  exceed  2,000  mg/day 
may  be  at  increased  risk  of  adverse  effects.  In  the  case  of  vitamin  C, 
the  first  adverse  effects  are  osmotic  diarrhea  and  gastrointestinal 
disturbances.  It  should  be  noted  that  there  is  no  established  benefit 
for  presumably  healthy  individuals  in  consuming  amounts  of  nutri¬ 
ents  that  exceed  the  RDA  or  AL 
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ASSESSING  NUTRIENT  INTAKES  OF  GROUPS 

Using  the  Estimated  Average  Requirement  for  Groups 

The  prevalence  of  nutrient  inadequacy  for  a  group  of  individuals 
may  be  estimated  by  comparing  the  distribution  of  usual  intakes 
with  the  distribution  of  requirements.  The  Estimated  Average  Re¬ 
quirement  (EAR)  is  the  appropriate  Dietary  Reference  Intake  (DRI) 
to  use  for  this  purpose.  In  most  situations,  a  cutpoint  approach  may 
be  used  to  estimate  the  prevalence  of  inadequate  intakes  within  the 
population  group  under  study;  this  approach  is  a  simplification  of 
the  full  probability  method  of  calculating  the  prevalence  of  inade¬ 
quacy  described  by  the  National  Research  Council  (NRC,  1986). 
The  cutpoint  approach  allows  the  prevalence  of  inadequate  nutri¬ 
ent  intakes  in  a  population  to  be  approximated  by  determining  the 
percentage  of  the  individuals  in  the  group  whose  usual  intakes  are 
less  than  the  EAR  for  the  nutrient  of  interest.  This  approach  as¬ 
sumes  that  the  intake  and  requirement  distributions  are  indepen¬ 
dent,  that  the  variability  of  intakes  among  individuals  within  the 
group  under  study  is  greater  than  the  variability  of  their  require¬ 
ments,  and  that  the  requirement  distributions  are  symmetrical.1 

Before  determining  the  percentage  of  the  group  whose  intake  is 
below  the  EAR,  the  intake  distribution  should  be  adjusted  to  re¬ 
move  the  effect  of  day-to-day  variation  in  intake  (Nusser  et  al.,  1996). 
This  can  be  accomplished  by  collecting  dietary  data  for  each  in¬ 
dividual  over  many  days  or  by  statistical  adjustments  to  the  dis¬ 
tribution  that  are  based  on  information  or  assumptions  about  the 
day-to-day  variation  (Nusser  et  al.,  1996).  When  this  adjustment  is 
performed  (and  intakes  are  thus  more  representative  of  the  usual 
diet) ,  the  intake  distribution  narrows  and  gives  a  more  precise  esti¬ 
mate  of  the  proportion  of  the  group  with  usual  intakes  below  the 
EAR.  An  explanation  of  an  adjustment  procedure  was  presented  by 
the  National  Research  Council  (NRC,  1986)  and  is  also  described 
in  the  upcoming  report  on  using  DRIs  for  dietary  assessment. 

Figures  9-2  and  9-3  are  a  graphical  representation  of  this  ap¬ 
proach  for  vitamin  C.  They  compare  the  adjusted  distribution  of 
intakes  of  vitamin  C  for  men  and  women  19  years  of  age  and  older 
from  the  Third  National  Health  and  Nutrition  Examination  Survey 


Tor  free-living  populations,  it  is  reasonable  to  assume  that  the  variability  in 
requirements  is  smaller  than  the  variability  in  intakes.  For  vitamin  C,  vitamin  E, 
and  selenium,  requirement  distributions  are  assumed  to  be  symmetrical,  and  the 
intake  and  requirement  distributions  are  thought  to  be  independent. 
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Vitamin  C  Intake  (mg/day)  for  Men  and  Women  Who  Don’t  Smoke  (Food  and  Supplements) 


FIGURE  9-2  Distribution  of  reported  vitamin  C  intake  from  all  sources  for  men 
and  women  aged  19  years  and  older  who  don’t  smoke,  from  the  Third  National 
Health  and  Nutrition  Examination  Survey  (NHANES  III),  1988-1994.  The  area 
under  the  curve  represents  almost  100  percent  of  that  population  (the  right  tail  of 
the  distributions  are  not  shown  here).  Approximately  21  percent  of  men  and  11 
percent  of  women  who  don’t  smoke  have  reported  total  vitamin  C  intakes  (food 
plus  supplements)  below  the  Estimated  Average  Requirement  (EAR)  of  75  mg/ day 
for  men  and  60  mg/day  for  women.  Data  have  been  adjusted  for  with  in-person 
variability  (see  note  below). 

NOTE:  Nutrient  intake  from  supplements  in  NHANES  III  is  collected  via  an  instru¬ 
ment  similar  to  a  food  frequency  questionnaire.  Thus,  the  correct  method  for 
combining  nutrient  intake  from  food  (collected  with  a  24-hour  recall)  and  nutri¬ 
ent  intake  from  supplements  to  assess  total  intake  is  uncertain.  For  the  specific 
examples  shown  above,  the  following  process  was  followed:  (1)  usual  intakes  from 
food  were  estimated  for  each  individual  using  the  Nusscr  et  al.  (1996)  approach; 
(2)  self-reported  usual  intake  from  supplements  were  added  to  obtain  an  estimate 
of  the  individual’s  total  usual  intake;  and  (3)  these  total  usual  intakes  were  com¬ 
pared  to  the  EAR  to  obtain  an  estimate  of  the  prevalence  of  inadequate  intakes. 
This  approach  may  not  be  optimal  because  it  assumes  that  the  self-reported  usual 
supplement  intake  has  no  day-to-day  variability.  Therefore,  the  examples  may  not 
provide  the  best  estimate  of  the  prevalence  of  inadequacy  of  a  nutrient,  but  they 
still  serve  to  illustrate  the  use  of  the  EARs  when  assessing  intakes  of  groups. 
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Vitamin  C  Intake  (mg/day)  for  Men  and  Women  Who  Smoke  (Food  and  Supplements) 


FIGURE  9-3  Distribution  of  reported  vitamin  C  intake  from  all  sources  for  men 
and  women  who  smoke  aged  19  years  and  older,  from  the  Third  National  Health 
and  Nutrition  Examination  Survey  (NHANES  III),  1988-1994.  The  area  under  the 
curve  represents  almost  100  percent  of  that  population  (the  right  tail  of  the  distri¬ 
butions  are  not  shown).  Approximately  53  percent  of  men  who  smoke  and  30 
percent  of  women  who  smoke  have  reported  total  vitamin  C  intakes  (food  plus 
supplements)  below  the  Estimated  Average  Requirement  (EAR)  adjusted  for  the 
effect  of  smoking  to  110  mg/day  for  men  and  95  mg/day  for  women.  Data  have 
been  adjusted  for  within-person  variability  (see  note  below) . 

NOTE:  Nutrient  intake  from  supplements  in  NHANES  III  is  collected  via  an  instru¬ 
ment  similar  to  a  food  frequency  questionnaire.  Thus,  the  correct  method  for 
combining  nutrient  intake  from  food  (collected  with  a  24-hour  recall)  and  nutri¬ 
ent  intake  from  supplements  to  assess  total  intake  is  uncertain.  For  the  specific 
examples  shown  above,  the  following  process  was  followed:  (1)  usual  intakes  from 
food  were  estimated  for  each  individual  using  the  Nusser  et  al.  (1996)  approach; 
(2)  self-reported  usual  intake  from  supplements  were  added  to  obtain  an  estimate 
of  the  individual’s  total  usual  intake;  and  (3)  these  total  usual  intakes  were  com¬ 
pared  to  the  EAR  to  obtain  an  estimate  of  the  prevalence  of  inadequate  intakes. 
This  approach  may  not  be  optimal  because  it  assumes  that  the  self-reported  usual 
supplement  intake  has  no  day-to-day  variability.  Therefore,  the  examples  may  not 
provide  the  best  estimate  of  the  prevalence  of  inadequacy  of  a  nutrient,  but  they 
still  serve  to  illustrate  the  use  of  the  EARs  when  assessing  intakes  of  groups. 
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(NHANES  III)  with  the  EAJRs  for  vitamin  C.  These  data  include 
intake  from  both  food  and  supplements.  Although  the  NHANES 
food  intake  data  are  based  on  a  single  24-hour  recall  for  all  individ¬ 
uals,  replicate  24-hour  recalls  were  conducted  on  a  subset  of  the 
participants,  and  these  estimates  of  day-to-day  variation  derived 
from  this  subset  have  been  used  to  adjust  the  intake  distributions 
(see  Appendix  Tables  C-l  and  C-2). 

The  EARs  for  vitamin  C  are  60  mg/day  for  women  and  75  mg/ 
day  for  men.  Based  on  the  U.S.  population  that  doesn’t  smoke, 
approximately  11  percent  of  women  and  21  percent  of  men  did  not 
consume  adequate  amounts  of  vitamin  C  (from  food  sources  and 
supplements)  (Figure  9-2). 

Those  who  smoke  require  an  additional  35  mg/day  of  vitamin  C, 
which  would  result  in  an  adjusted  average  requirement  of  95  mg/ 
day  for  females  and  110  mg/day  for  males.  This  is  shown  in  Figure 
9-3,  in  which  a  higher  prevalence  of  inadequacy  is  estimated  for 
smokers  compared  to  nonsmokers.  Even  when  vitamin  C  supple¬ 
ments  are  included,  53  percent  of  men  and  30  percent  of  women 
who  smoke  were  below  the  requirement.  These  prevalences  indi¬ 
cate  that  a  substantial  percentage  of  Americans  who  smoke  may 
have  inadequate  intakes  of  vitamin  C  and  thus  would  be  expected 
to  have  less  than  optimal  ascorbate  saturation  of  neutrophils. 

The  assessment  of  nutrient  adequacy  for  groups  of  people  re¬ 
quires  unbiased,  quantitative  information  on  the  intake  of  the  nu¬ 
trient  of  interest  by  individuals  in  the  group.  Care  must  be  taken  to 
ensure  the  quality  of  the  information  on  which  assessments  are 
based,  so  they  are  not  underestimates  or  overestimates  of  total  nu¬ 
trient  intake.  Estimates  of  total  nutrient  intake,  including  amounts 
obtained  from  supplements,  should  be  acquired.  It  is  also  impor¬ 
tant  to  use  appropriate  food  composition  data  with  valid  nutrient 
values  for  the  foods  consumed.  In  the  example  for  vitamin  C  in¬ 
takes,  a  database  of  vitamin  C  values  for  all  foods  that  contribute 
substantially  to  the  intakes  of  this  nutrient,  as  well  as  a  database  with 
the  vitamin  C  composition  of  the  supplements  consumed  by  the 
population  under  study,  are  required. 

Overestimates  of  the  prevalence  of  inadequate  intakes  could  re¬ 
sult  if  the  data  used  are  based  on  intakes  that  are  systematically 
underreported  or  if  foods  rich  in  vitamin  C  are  underreported. 
Conversely,  underestimates  of  the  prevalence  of  inadequacy  would 
result  if  vitamin  C-rich  foods  were  overreported.  A  more  extensive 
discussion  of  potential  sources  of  error  in  self-reported  dietary  data 
can  be  found  in  the  upcoming  report  on  using  DRIs  in  dietary 
assessment. 
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Using  the  Recommended  Dietary  Allowances  for  Groups 

The  Recommended  Dietary  Allowances  (RDAs)  are  not  useful  in 
estimating  the  prevalence  of  inadequate  intakes  for  groups.  As  de¬ 
scribed  above,  the  EAR  should  be  used  for  this  purpose. 

Using  the  Adequate  Intake  for  Groups 

In  this  report,  Adequate  Intakes  (AIs)  are  assigned  only  for  in¬ 
fants  and  reflect  the  average  intake  of  the  nutrient  from  human 
milk.  Human  milk  and,  in  the  case  of  nutrients  reviewed  in  this 
report,  infant  formulas  with  the  same  nutrient  composition  as  hu¬ 
man  milk  (after  adjustment  for  bioavailability)  provide  the  appro¬ 
priate  levels  of  nutrients  for  infants  of  presumably  healthy  well-nour¬ 
ished  mothers.  Groups  of  infants  consuming  formulas  with  lower 
levels  of  nutrients  than  human  milk  may  be  at  some  risk  of  inade¬ 
quacy,  but  the  prevalence  of  inadequacy  cannot  be  quantified. 


Using  the  Tolerable  Upper  Intake  Level  for  Groups 

The  proportion  of  the  population  with  usual  intakes  below  the 
Tolerable  Upper  Intake  Level  (UL)  is  likely  to  be  at  no  risk  of 
adverse  effects  due  to  overconsumption,  while  the  proportion  above 
the  UL  may  be  at  some  risk.  In  the  case  of  vitamin  C,  the  UL  is 
2,000  mg/ day  for  adults;  the  NHANES  III  data  in  Figures  9-2  and 
9-3,  which  include  reported  intake  from  supplements,  illustrate  that 
the  U.S.  adult  population  did  not  exceed  this  UL  at  the  time  of  the 
survey. 

In  typical  food-based  diets,  ULs  for  vitamin  C,  vitamin  E,  and 
selenium  can  rarely  be  exceeded.  Supplement  use  would  be  the 
primary  way  to  exceed  these  ULs. 

The  mean  intake  of  a  population  cannot  be  used  to  evaluate  the 
prevalence  of  intakes  above  the  UL.  A  distribution  of  usual  intakes, 
including  intakes  from  supplements,  is  required  in  order  to  assess 
the  proportion  of  the  population  that  may  be  at  risk  of  overcon¬ 
sumption. 
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PLANNING  NUTRIENT  INTAKES  OF  INDIVIDUALS 

Using  the  Recommended  Dietary  Allowance  for  Individuals 

Individuals  should  use  the  Recommended  Dietary  Allowance 
(RDA)  as  the  target  for  their  daily  nutrient  intakes.  For  example,  to 
increase  their  vitamin  C  consumption  to  the  RDA  level  (75  mg/ day 
for  women  and  90  mg/day  for  men),  adults  can  increase  their  in¬ 
take  of  foods  that  provide  ascorbate,  such  as  citrus  fruits,  broccoli, 
or  tomatoes.  An  8-ounce  glass  of  orange  juice  (from  frozen  concen¬ 
trate)  supplies  about  100  mg  of  vitamin  C  (USD A,  1991). 

Using  the  Adequate  Intake  for  Individuals 

For  the  nutrients  in  this  report,  vitamin  C,  vitamin  E,  and  selenium, 
Adequate  Intakes  (AIs)  are  set  only  for  infants.  Human  milk  con¬ 
tent  for  these  nutrients  should  supply  the  AI,  so  it  is  not  necessary 
to  plan  additional  sources  of  intakes  for  infants  exclusively  fed  hu¬ 
man  milk.  Likewise,  for  these  nutrients,  an  infant  formula  with  a 
nutrient  profile  similar  to  human  milk  (after  adjustment  for  any 
differences  in  bioavailability)  should  supply  adequate  nutrients  for 
an  infant. 

PLANNING  NUTRIENT  INTAKES  OF  GROUPS 

The  Estimated  Average  Requirement  (EAR)  may  be  used  as  a 
basis  for  planning  or  making  recommendations  for  the  nutrient 
intakes  of  groups.  The  mean  intake  of  a  group  should  be  high 
enough  so  that  only  a  small  percentage  of  the  group  would  have 
intakes  below  the  EAR,  thus  indicating  a  low  prevalence  of  dietary 
inadequacy. 

Using  the  EAR  and  Tolerable  Upper  Intake  Level  (UL)  in  plan¬ 
ning  intakes  of  groups  involves  a  number  of  key  decisions  and  the 
analysis  of  issues  such  as  the  following: 

•  determination  of  the  current  nutrient  intake  distribution  of 
the  group  of  interest; 

•  an  evaluation  of  interventions  to  shift  the  current  distribu¬ 
tion,  if  necessary,  so  there  is  an  acceptably  low  prevalence  of  intakes 
below  the  EAR,  as  well  as  an  acceptably  low  prevalence  of  intakes 
above  the  UL  (some  interventions  may  increase  the  intake  of  those 
most  at  risk  of  inadequacy — usually  by  individual  intervention — 
whereas  others  <may  increase  the  intake  of  the  entire  group  [e.g., 
fortification  of  the  food  supply]);  and 
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•  the  selection  of  the  degree  of  risk  that  can  be  tolerated  when 
planning  for  the  group  (e.g.,  a  2  to  3  percent  prevalence  versus  a 
higher  or  lower  prevalence) . 

NUTRIENT-SPECIFIC  CONSIDERATIONS 
Vitamin  C 

The  effect  of  cigarette  smoking  on  vitamin  C  status  has  led  to 
recommending  an  increase  to  cover  the  higher  vitamin  C  require¬ 
ments  for  those  who  smoke.  Thus,  smoking  status  has  to  be  consid¬ 
ered  in  assessing  and  planning  ascorbate  intakes.  Another  consider¬ 
ation  in  evaluating  vitamin  C  intake  is  the  variability  in  the  food 
supply  and  the  loss  during  cooking  of  this  water-soluble  and  heat- 
labile  vitamin.  Destruction  of  vitamin  C  in  processing  and  cooking 
(Williams  and  Erdman,  1999)  may  be  different  than  assumed  by  the 
values  in  the  food  composition  tables  resulting  in  an  over-  or  under¬ 
estimation  of  the  population  at  risk,  while  underreporting  of  di¬ 
etary  intakes  in  general  may  lead  to  an  overestimate  of  the  popula¬ 
tion  at  risk. 

The  Tolerable  Upper  Intake  Level  (UL)  for  vitamin  C  for  adults 
is  2,000  mg/ day.  Sensitive  individuals  who  regularly  consume  more 
than  2,000  mg/ day  may  be  at  risk  of  osmotic  diarrhea  and  gas¬ 
trointestinal  disturbances. 


Vitamin  E 

The  Estimated  Average  Requirements  (EARs),  Recommended 
Dietary  Allowances  (RDAs),  and  Adequate  Intakes  (AIs)  for  vitamin 
E  are  based  on  a-tocopherol  only  and  do  not  include  amounts  ob¬ 
tained  from  the  other  seven  naturally  occurring  forms  of  vitamin  E 
(P~,  y-,  5-  tocopherol  and  the  four  tocotrienols) .  Although  absorbed, 
these  forms  do  not  contribute  to  meeting  the  vitamin  E  requirement 
because  they  are  not  converted  to  a-tocopherol.  Only  the  2#-stereo- 
isomeric  forms  of  a-tocopherol  are  preferentially  secreted  by  the 
liver  into  the  plasma  for  transport  to  tissues.  Since  the  25-stereo- 
isomeric  forms  of  a-tocopherol  are  not  maintained  in  human  plasma 
or  tissues,  vitamin  E  is  defined  in  this  report  as  limited  to  the  2 R- 
stereoisomeric  forms  of  a-tocopherol  to  establish  recommended 
intakes.  However,  all  eight  stereoisomers  of  supplemental  a- 
tocopherol  are  used  as  the  basis  for  establishing  the  Tolerable  Upper 
Intake  Level  (UL)  for  vitamin  E. 

Currently,  most  nutrient  databases,  as  well  as  nutrition  labels,  do 
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not  distinguish  among  all  the  different  forms  of  vitamin  E  (Figure 
6-1)  in  food.  These  databases  often  present  the  data  as  a-tocopherol 
equivalents  (a-TE)  and  thus  include  the  contribution  of  all  eight 
naturally  occurring  forms  of  vitamin  E,  after  adjustment  for  bio¬ 
availability  using  previously  determined  equivalencies  (e.g.,  y- 
tocopherol  has  been  usually  assumed  to  have  only  10  percent  of  the 
availability  of  a-tocopherol)  based  on  fetal  resorption  assays.  This 
report  (see  Chapter  6)  recommends  that  the  use  of  a-TE  be  aban¬ 
doned  due  to  the  lack  of  evidence  of  bioavailability  via  transport  in 
plasma  or  tissues.  Because  these  other  forms  of  vitamin  E  occur  in 
foods  (e.g.,  y-tocopherol  is  present  in  widely  consumed  oils  such  as 
soybean  and  corn  oils),  the  intake  of  a-TE  is  greater  than  the  intake 
of  a-tocopherol  alone. 

All  a-tocopherol  in  foods  is  i7/?/?-a-tocopherol,  but  the  all  rac-OL- 
tocopherol  in  fortified  foods  and  supplements  is  an  equal  mix  of 
the  2 R-  and  25-stereoisomers.  The  EARs,  RDAs,  and  AIs  given  in 
Chapter  6  apply  only  to  the  intake  of  the  /£/£ft-a-tocopherol  from 
food  and  the  2/tetereoisomeric  forms  of  a-tocopherol  (RRR-,  RSR-, 
RRS-,  and  /?55-a-tocopherol)  that  occur  in  fortified  foods  and  sup¬ 
plements  (see  Chapter  6,  Figure  6-2).  The  UL  applies  to  all  eight 
stereoisomeric  forms  of  a-tocopherol  that  occur  in  fortified  foods 
and  supplements. 

Conversion  Factor  for  Vitamin  E  in  Food  and  Supplements 

The  reported  median  vitamin  E  intake  in  the  United  States  of  all 
individuals  surveyed  in  the  Third  National  Health  and  Nutrition 
Examination  Survey  (NHANES  III)  was  9  mg  (21  pmol)/day  of  a- 
TE  (see  Appendix  Table  C-3).  Additional  data  from  the  NHANES 
III  database  indicate  that  a-tocopherol  contributed  7  mg/day  of  the 
9  mg/day  median  intake  of  total  a-TE  from  food  (see  Appendix 
Table  C-4).  Thus,  based  on  NHANES  III,  approximately  80  percent 
of  the  a-TE  from  foods  in  the  survey  are  reported  to  be  contributed 
by  a-tocopherol.  So  to  estimate  the  a-tocopherol  intake  from  food 
surveys  in  the  United  States  in  which  food  intake  data  are  presented 
as  a-TE,  the  a-TE  should  be  multiplied  by  0.8. 

mg  of  a-tocopherol  in  a  meal  = 
mg  of  a-tocopherol  equivalents  in  a  meal  x  0.8. 

In  addition,  the  amount  of  chemically  synthesized  all  rac- a- 
tocopherol  compounds  added  to  foods  and  multivitamin  supple¬ 
ments  in  milligrams  should  be  estimated  at  50  percent  to  calculate 
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the  intake  of  the  2i?-stereoisomers  of  a-tocopherol  when  assessing 
intakes  to  meet  requirements. 

If  vitamin  E  in  foods,  fortified  foods,  and  multivitamin  supple¬ 
ments  is  reported  in  international  units  (IUs),  the  activity  in  milli¬ 
grams  of  a-tocopherol  may  be  calculated  by  multiplying  the  number 
of  IUs  by  0.67  if  the  form  of  vitamin  E  is  i?)?/?-a-tocopherol  (natural 
vitamin  E)  (historically  and  incorrectly  labeled  d-a-tocopherol) 
(Horwitt,  1976),  and  by  0.45  if  the  form  is  all  rac-a-tocopherol  (syn¬ 
thetic  vitamin  E)  (historically  and  incorrectly  labeled  d£a-tocopherol 
compounds)  (Horwitt,  1976)2  (see  Chapter  6,  Table  6-1). 

mg  of  a-tocopherol  in  food,  fortified  food,  or  multivitamin 

=  IU  of  the  jRRR-a-tocopherol  compound  x  0.67. 

or 

=  IU  of  the  all  rac-a-tocopherol  compound  X  0.45. 

For  example,  a  person  with  intake  from  food  of  15  mg/ day  of  a- 
TE  would  have  consumed  approximately  12  mg/day  of  a-tocopherol 
(15  X  0.8  =  12).  If  this  person  took  a  daily  multivitamin  supplement 
with  30  IU  of  RRR- a-tocopheryl  acetate,  an  additional  20  mg/day  of 
a-tocopherol  would  have  been  consumed  (30  x  0.67  =  20) .  Thus, 
this  person  would  have  an  effective  total  intake  of  32  mg/day  of  a- 
tocopherol  (12  +  20).  If  the  daily  multivitamin  supplement  con¬ 
tained  30  IU  of  all  rac-a-tocopherol,  it  would  be  equivalent  to  13.5 
mg/day  of  a-tocopherol  (30  x  0.45  =  13.5),  and  the  person’s  total 
intake  of  a-tocopherol  would  be  25.5  mg/day  (12  +  13.5). 


Vitamin  E  Intake  from  Food 

Estimation  of  vitamin  E  intake  is  difficult.  There  is  a  propensity  to 


2The  original  international  standard  for  vitamin  E,  d£a-tocopheryl  acetate  (one 
asymmetric  carbon  atom  in  the  2  position  on  the  chromal  ring,  ambo-a-tocopheryl 
acetate)  is  no  longer  commercially  available.  It  was  synthesized  from  natural  phytol 
and  was  a  mixture  of  two  stereoisomers  of  a-tocopherols,  llRR-a-tocopheryl  acetate 
and  SftR-oc-tocopheryl  acetate  (Horwitt,  1976).  For  practical  purposes  at  the  time, 
the  activity  of  1  mg  of  dkx-tocopheryl  acetate  was  defined  as  equivalent  to  one  IU 
of  vitamin  E.  The  d/-a-tocopheryl  acetate  of  commerce  currently  available  is  syn¬ 
thesized  from  synthetic  isophytol,  has  eight  stereoisomers,  and  is  labeled  as  dl-a- 
tocopheryl  acetate.  However,  it  is  more  accurately  called  all  rac-a-tocopheryl  acetate 
(AIN,  1990;  IUPAC,  1974)  because  it  contains  three  asymmetric  carbon  atoms  in 
the  2,  4',  and  8'  positions  ( 2RS ,  4'RS,  8’ZiS-a-tocopherol).  The  all  rac  and  ambo-a- 
tocopheryl  acetates  were  shown  to  have  the  same  biological  activity  in  rats  (Weiser 
et  al.,  1986). 
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underreport  energy  intake  in  national  surveys,  and  fat  intake  is  more 
underreported  than  energy  intake  in  the  NHANES  III  survey  (Brief- 
el  et  ak,  1997).  Since  vitamin  E  is  associated  with  fat  in  the  food 
matrix,  underreporting  of  the  total  intake  of  fat  also  results  in  the 
underreporting  of  vitamin  E  intake.  Furthermore,  there  are  uncer¬ 
tainties  in  the  amount  of  a-tocopherol  in  fats  and  oils  consumed, 
particularly  when  food  labels  do  not  provide  the  specific  fat  or  oil 
used  (e.g.,  “this  product  may  contain  partially  hydrogenated  soy¬ 
bean  and/or  cottonseed  oil  or  vegetable  oil”);  in  addition,  because 
of  the  small  number  of  samples,  the  vitamin  E  content  of  the  foods 
in  the  Continuing  Survey  of  Food  Intake  of  Individuals  (CSFII)  and 
NHANES  III  databases  are  very  variable  (J.  Holden,  Agricultural 
Research  Service,  U.S.  Department  of  Agriculture,  personal  com¬ 
munication,  April  13,  1999).  Finally,  the  amounts  of  fats  and  oils 
added  during  food  preparation  (and  absorbed  into  the  cooked 
product)  is  difficult  to  assess  using  diet  recall  methodologies,  yet 
may  contribute  substantially  to  vitamin  E  intake. 

UL  for  Vitamin  E 

The  UL  for  a-tocopherol  for  adults  is  1,000  mg/day  of  all  eight 
stereoisomers  of  a-tocopherol.  This  UL  is  based  on  the  intake  of  a- 
tocopherol  from  supplements  only,  because  there  is  no  evidence  of 
adverse  effects  from  the  consumption  of  vitamin  E  naturally  occur¬ 
ring  in  foods.  In  addition,  the  UL  was  based  on  animal  studies 
feeding  either  iiRR-a-tocopherol  (natural  vitamin  E)  or  all  rac-a- 
tocopherol  (synthetic  vitamin  E),  both  of  which  had  equivalent 
adverse  effects.  Although  adults  should  not  exceed  the  UL  of  1,000 
mg/day  of  any  form  of  supplemental  a-tocopherol,  intakes  above 
this  amount  may  be  appropriate  for  investigation  in  well-controlled 
clinical  trials. 

Sources  of  vitamin  E  available  as  supplements  are  usually  labeled 
as  international  units  (IUs)  of  natural  vitamin  E  and  its  esters  or  as 
synthetic  vitamin  E  and  its  esters.  Table  9-1  shows  the  IUs  of  various 
sources  of  supplemental  vitamin  E  that  are  equivalent  to  the  UL  for 
adults  of  1,000  mg/day  of  any  form  of  supplemental  a-tocopherol. 

Recommendation 

Because  the  various  forms  of  vitamin  E  are  not  interconvertible  in 
humans,  it  is  recommended  that  nutrient  databases  be  specific 
enough  to  identify  and  report  a-tocopherol  intake  separately  from 
intake  of  other  tocopherols.  However,  until  this  is  done,  it  is  possi- 
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TABLE  9-1  Amounts  in  International  Units  (IU)  of  Any  Forms 
°f  ot-Tocopherol11  Contained  in  Vitamin  Es  Supplements 
Equivalent  to  the  UL  for  Adults" 


Sources  of  Vitamin  E 

Available  as  Supplements 

UL  for  Adults 

Total  a-Tocopherol 
(mg/day) 

IU  from  Source 
Providing  Adult  UL 

Synthetic  Vitamin  E  and  Esters 
d/-a-TocopheryI  acetate 

1,000 

1,100 

^/-a-Tocopheryl  succinate 

1,000 

1  100 

dkx-Tocopherol 

1.000 

1,100 

Natural  Vitamin  E  and  Esters 

rf-a-Tocopheryl  acetate 

1,000 

1,500 

d-a-Tocopheryl  succinate 

1,000 

1  500 

d-a-Tocopherol 

1,000 

1,500 

"All  forms  of  supplemental  a-tocopherol  include  all  eight  stereoisomers  of  o- 
tocophero  .  The  UL  was  based  on  animal  studies  feeding  either  all  racemic-  or  PJIR-a- 
tocopherol,  both  of  which  resulted  in  equivalent  adverse  effects. 

Vitamin  E  supplements  have  historically  although  incorrectly  been  labeled  d-  or  dl- 

L^r^tcc-19c<S‘  S°UrCeS  ofvitarnin  E  incIude  the  “11  ™cemic-  (dl-n-  tocopherol 
,  RS,S~;  SSS~’  SRS~’  SSR~>  and  SRR~^  or  synthetic)  form  and  its  esters  and 

the  RRR- a-tocopherol  (d-a-tocopherol  or  natural)  form  and  its  esters.  All  of  these  forms 
of  vitamin  E  may  be  present  in  supplements. 

c  Conversion  factors  given  in  Table  6-1  to  determine  equivalency  for  meeting  require¬ 
ments  are  not  directly  applicable  as  they  take  into  account  lack  of  documented  biologi¬ 
cal  activity  of  25-forms  of  a-tocopherol  in  meeting  requirements.  The  conversion  factors 
used  in  this  table  are  based  on  25-forms  contributing  to  the  adverse  effects  identified. 


ble  to  estimate  a-tocopherol  intakes  by  multiplying  the  total  a-TE 
in  food  (obtained  from  food  composition  tables)  by  0.8.  Also,  the 
form  of  chemically  synthesized  a-tocopherol  in  fortified  foods,  mul¬ 
tivitamin  supplements,  and  vitamin  E  supplements  has  to  be  identi¬ 
fied  so  that  appropriate  adjustments  for  activity  can  be  made  before 
calculating  total  intake  of  a-tocopherol. 


Selenium 

Dietary  intakes  of  selenium  depend  on  the  selenium  content  of 
the  soil  where  the  plant  was  grown  or  the  animal  was  raised.  Food 
animals  in  the  United  States  and  Canada  usually  have  controlled 
diets  to  which  selenium  is  added,  and  thus,  the  amounts  found  in 

muscle  meats,  milk,  and  eggs  are  more  consistent  than  for  plant 
foods.  r 
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While  the  food  distribution  system  in  the  United  States  and  Cana¬ 
da  ensures  a  mix  of  plant  and  animal  foods  from  the  broad  range  of 
soil  selenium  conditions  (see  Chapter  7),  local  foods  (e.g.,  fiom 
farmers’  markets)  may  vary  considerably  from  the  mean  values  in 
food  composition  databases.  However,  the  variation  in  selenium 
content  of  food  sources  does  not  appear  to  exceed  that  for  many 
other  nutrients.  For  example,  the  variation  in  p-carotene  content  of 


Box  9-1  Uses  of  Dietary  Reference  Intakes 
Groups 

For  ihe  Individual 


Type  of  Use. 
Assessment 


EAR':  use  to  examine  the 
possibility  of  inadequacy 
of  reported  intake. 

AP:  intakes  at  this  level 
have  a  low  probability  of 
inadequacy. 

UL":  intake  above  this 
level  has  a  risk  of  adverse 
effects. 


Planning  RDA:  aim  for  this  intake. 


for  Healthy  Individuals  and 
For  a  Group 

EAR'':  use  to  estimate  the 
prevalence  of  inadequate 
intakes  within  a  group. 

AI'':  mean  intake  at  this  level 
implies  a  low  prevalence  of 
inadequate  intakes. 

UL'':  use  to  estimate  the  preva¬ 
lence  of  intakes  that  may  be  at 
risk  of  adverse  effects. 

EAR:  use  in  conjunction  with  a 
measure  of  variability  of  the 
group’s  intake  to  set  goals  for 
the  median  intake  of  a  speed ic 
population. 

AI:  aim  for  this  intake. 

UL:  use  as  a  guide  to 
limit  intake;  chronic 
intake  of  higher  amounts 
may  increase  risk  of 
adverse  effects. 

EAR  -  Estimated  Average  Requirement 
RDA  =  Recommended  Dietary  Allowance 
AI  =  Adequate  Intake 
UL  =  Tolerable  Upper  Intake  Level 

"Requires  accurate  measure  of  usual  intake.  Evaluation  of  true  status 
requires  clinical,  biochemical,  and  anthropometric  data. 

''Requires  statistically  valid  approximation  of  usual  intake. 
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food  sources  is  similar  to  that  of  selenium  (J.  Holden,  Agricultural 
Research  Service,  U.S.  Department  of  Agriculture,  personal  com¬ 
munication,  April  13,  1999). 

Infant  formulas  are  often  fortified  with  selenium,  and  selenium 
supplements  for  adults  (usually  inorganic  selenium  salts)  are  be¬ 
coming  more  common.  The  bioavailability  of  selenate  and  selenite, 
the  two  inorganic  forms  of  selenium  commonly  used  for  supple¬ 
mentation,  is  roughly  equivalent  and  generally  exceeds  50  percent 
(Thomson  and  Robinson,  1986).  Selenium  found  naturally  in  foods 
is  primarily  in  the  forms  of  selenomethionine  and  selenocysteine, 
which  are  organic  selenium  compounds.  The  bioavailability  of  sele¬ 
nium  in  the  form  of  selenomethionine  is  greater  than  90  percent 
(Thomson  and  Robinson,  1986).  The  selenium  in  selenocysteine  is 
also  highly  bioavailable  (Swanson  et  al.,  1991).  Thus  selenium  sup¬ 
plements  with  yeast  as  the  selenium  source  have  higher  bioavailabil¬ 
ity  than  inorganic  supplements.  In  general,  food  composition  tables 
do  not  distinguish  these  sources.  Estimated  intakes  through  self- 
selected  diets  are  shown  in  Appendix  Table  C-6,  and  total  intakes 
(food  and  supplements)  according  to  NHANES  III  are  shown  in 
Appendix  Table  C-7. 

The  contribution  of  water  to  selenium  intakes  is  generally  trivial 
in  comparison  to  food  selenium  (NRC,  1980)  and  does  not  have  to 
be  added  to  intake  assessments,  unless  water  from  an  area  known  to 
be  high  in  selenium  is  consumed. 

The  UL  for  adults  for  selenium  is  400  pg/ day.  Individuals  who 
regularly  consume  more  than  400  pg/ day  may  be  at  risk  of  adverse 
effects  that  include  brittle  nails  and  hair  loss. 

SUMMARY 

With  careful  consideration  to  the  points  mentioned  above,  the 
various  Dietary  Reference  Intakes  (DRIs)  may  be  used  to  assess  as 
well  as  to  plan  nutrient  intakes.  Box  9-1  summarizes  the  appropri¬ 
ate  uses  of  the  DRIs  for  individuals  and  groups. 
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A  Research  Agenda 


The  Panel  on  Antioxidants  and  Related  Compounds  and  the 
Standing  Committee  on  the  Scientific  Evaluation  of  Dietary  Reference 
Intakes  (DRI  Committee)  and  its  subcommittees  were  charged  with 
developing  a  research  agenda  to  provide  a  basis  for  public  policy 
decisions  related  to  recommended  intakes  of  vitamin  C,  vitamin  E, 
selenium,  and  p-carotene  and  other  carotenoids,  and  ways  to 
achieve  them.  This  chapter  describes  the  approach  used  to  develop 
the  research  agenda,  briefly  summarizes  gaps  in  knowledge,  and 
presents  a  prioritized  research  agenda.  A  section  at  the  end  of  each 
nutrient  chapter  (Chapters  5  through  8)  presents  a  prioritized  list 
of  research  topics  for  each  nutrient. 

APPROACH 

The  following  approach  resulted  in  the  research  agenda  identi¬ 
fied  in  this  chapter: 

1.  Identify  gaps  in  knowledge; 

2.  Examine  data  to  identify  any  major  discrepancies  between 
intake  and  the  Estimated  Average  Requirements  (EARs) ;  consider 
possible  reasons  for  such  discrepancies; 

3.  Consider  the  need  to  protect  individuals  with  extreme  or  dis¬ 
tinct  vulnerabilities  due  to  genetic  predisposition  or  disease  condi¬ 
tions;  and 

4.  Weigh  alternatives  and  set  priorities  based  on  expert  judg¬ 
ment. 
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As  a  result  of  this  approach,  the  following  four  areas  were  identi¬ 
fied: 

•  nutrient  requirements, 

•  methodological  problems  related  to  the  assessment  of  intake 
of  these  nutrients  and  to  the  assessment  of  adequacy  of  intake, 

•  relationships  of  nutrient  intake  to  public  health,  and 

•  adverse  effects  of  nutrients. 

MAJOR  KNOWLEDGE  GAPS 

Requirements 

To  derive  an  Estimated  Average  Requirement  (EAR),  the  criteri¬ 
on  must  be  known  for  a  particular  status  indicator  or  combination 
of  indicators  that  is  consistent  with  impaired  status  as  defined  by 
some  clinical  consequence.  For  the  nutrients  considered  in  this  re¬ 
port,  there  is  a  dearth  of  information  on  the  biochemical  values 
that  reflect  abnormal  function.  A  priority  should  be  the  determina¬ 
tion  of  the  relationship  of  existing  status  indicators  to  clinical  end¬ 
points  in  the  same  subjects  to  determine  if  a  correlation  exists.  For 
some  nutrients,  either  new  clinical  endpoints  or  intermediate  end¬ 
points  of  impaired  function  have  to  be  identified  and  related  to 
status  indicators. 

The  depletion-repletion  research  paradigms  that  are  often  used 
in  studies  of  requirements,  although  not  ideal,  are  still  probably  the 
best  approach  to  determining  nutrient  requirements.  However, 
these  studies  should  be  designed  to  meet  three  important  criteria: 

1.  An  indicator  of  nutrient  status  is  needed  for  which  a  cutoff 
point  has  been  identified,  below  which  nutrient  status  is  document¬ 
ed  to  be  impaired.  (In  the  case  of  vitamin  E,  values  are  based  on 
induced  vitamin  E  deficiency  and  the  correlation  with  hydrogen 
peroxide-induced  hemolysis  and  plasma  a-tocopherol  concentra¬ 
tions,  because  there  is  little  information  relating  levels  of  status  in¬ 
dicators  to  functional  sufficiency  or  insufficiency.  Also  with  vitamin 
C,  there  is  little  information  relating  levels  of  status  indicators  to 
functional  sufficiency  or  insufficiency,  because  dose-dependent  ab¬ 
sorption  and  renal  regulation  of  ascorbate  allow  body  conservation 
during  low  intakes  and  limitation  of  plasma  levels  at  high  intakes.) 

2.  The  depletion  and  repletion  periods  should  be  sufficiently 
long  to  allow  a  new  steady  state  to  be  reached.  This  can  be  very 
problematic  for  vitamin  C  because  biological  half-life  ranges  from 
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8  to  40  days  and  is  inversely  related  to  ascorbate  body  pool.  For  13- 
carotene  and  other  carotenoids,  no  long-term  depletion-repletion 
studies  with  validated  intermediate  endpoints  exist.  Study  design 
should  allow  examination  of  the  effects  of  initial  status  on  response 
to  maintenance  or  depletion-repletion. 

3.  Repletion  regimen  intakes  should  bracket  the  expected  EAR 
intake  to  assess  the  EAR  more  accurately  and  to  allow  for  a  measure 
of  variance.  In  addition,  an  accurate  assessment  of  variance  requires 
a  sufficient  number  of  subjects. 

A  relatively  new  and  increasingly  popular  approach  to  determin¬ 
ing  requirements  is  kinetic  modeling  of  body  pools,  using  steady- 
state  compartmental  analyses.  Although  this  approach  is  unlikely  to 
supplant  depletion-repletion  studies,  it  may  be  the  only  technique 
available  to  obtain  this  type  of  information,  despite  a  number  of 
drawbacks.  A  number  of  assumptions  that  cannot  be  tested  experi¬ 
mentally  are  often  needed,  and  the  estimates  obtained  for  body 
pool  sizes  are  inherently  imprecise.  Even  if  accurate  assessments  of 
body  pools  were  possible  and  were  obtained,  such  information 
would  be  useful  in  setting  a  requirement  only  if  one  could  establish 
the  body  pool  size  at  which  functional  deficiency  occurs.  The 
amount  needed  for  restoration  of  biochemical  status  indicators  to 
baseline  values  is  not  necessarily  equivalent  to  the  requirement  for 
the  nutrient. 

For  vitamin  C,  vitamin  E,  selenium,  and  (3-carotene  and  other 
carotenoids,  useful  data  are  seriously  lacking  for  setting  require¬ 
ments  for  infants,  children,  adolescents,  pregnant  and  lactating 
women,  and  the  elderly.  Studies  should  use  graded  levels  of  nutri¬ 
ent  intake  and  a  combination  of  response  indices,  and  should  con¬ 
sider  other  points  raised  above.  For  some  of  these  nutrients,  studies 
should  examine  whether  or  not  the  requirement  varies  substantially 
by  trimester  of  pregnancy.  In  addition,  more  information  is  needed 
for  groups  at  increased  risk  for  oxidative  stress,  especially  those  who 
smoke  or  who  are  subjected  to  second-hand  smoke,  athletes,  and 
individuals  living  at  high  altitudes. 

Data  are  lacking  about  gender  issues  with  respect  to  metabolism 
and  requirements  of  these  nutrients.  For  example,  women  and  chil¬ 
dren  with  low  intakes  of  selenium  are  at  higher  risk  of  Keshan  dis¬ 
ease  than  are  men  with  similar  intakes.  Women  are  at  higher  risk  of 
macular  degeneration  even  at  similar  plasma  concentrations  of 
carotenoids. 

The  understanding  of  the  health  effects  of  carotenoids  is  rudi¬ 
mentary  compared  with  that  of  the  other  nutrients  in  this  report. 
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Little  information  is  available  on  bioavailability,  toxicity,  and  ef¬ 
fects  of  these  compounds,  apart  from  p-carotene.  Although  the 
only  known  validated  function  for  carotenoids  in  humans  is  to  act 
as  a  source  of  vitamin  A  in  the  diet,  little  is  known  about  the  rela¬ 
tive  contribution  of  dietary  provitamin  A  carotenoids  to  vitamin  A 
status. 

Research  to  date  has  indicated  little  cause  for  concern  about  the 
adequacy  of  vitamin  E  intake  for  apparently  healthy  people;  defi¬ 
ciency  states  can  be  produced  only  as  a  result  of  genetic  abnormali¬ 
ties  in  a-tocopherol  transfer  protein,  as  a  result  of  various  fat  malab¬ 
sorption  syndromes,  or  as  a  result  of  protein-energy  malnutrition. 
However,  the  prevalence  of  these  genetic  abnormalities  is  unknown. 

A  growing  number  of  studies  suggest  that  there  are  complex  in¬ 
terrelationships  among  nutrients,  particularly  those  involved  in  pro¬ 
tecting  against  oxidation  (e.g.,  vitamin  C,  vitamin  E,  and  selenium), 
but  these  are  not  well  understood  in  relation  to  the  maintenance  of 
normal  nutritional  status  and  to  the  prevention  of  chronic  degener¬ 
ative  disease.  These  interactions  may  affect  the  intake  level  for  one 
or  more  of  the  nutrients. 


Methodology 

For  some  nutrients,  serious  limitations  exist  in  the  methods  avail¬ 
able  to  analyze  laboratory  values  indicative  of  nutrient  status,  to 
determine  the  nutrient  content  of  foods,  or  both.  These  limitations 
have  slowed  progress  in  conducting  or  interpreting  studies  of  nutri¬ 
ent  requirements.  Although  the  analytical  methodology  for  serum 
carotenoid  status  is  becoming  more  routine,  methods  for  the  analy¬ 
sis  of  the  major  dietary  carotenoids  remain  as  a  limiting  method¬ 
ological  factor.  A  related  gap,  which  is  not  strictly  methodological, 
is  the  bioavailability  of  the  various  isomers  of  vitamin  E.  Major  needs 
include:  (1)  a  comparison  of  the  biological  potencies  of  the  various 
forms  of  food  vitamin  E  from  mixed  diets;  (2)  validation  of  dietary 
intake  instruments  to  assess  intake  of  vitamin  E  and  of  the  major 
carotenoids  in  food;  and  (3)  an  examination  of  the  mechanisms  by 
which  bioavailability  is  altered  by  food  matrices. 


Relationships  of  Intake  to  Public  Health 

Although  interest  is  high  and  numerous  studies  have  been  con¬ 
ducted,  serious  gaps  still  exist  in  knowledge  of  the  relationship  of 
intakes  of  vitamin  C,  vitamin  E,  selenium,  and  p-carotene  and  other 
carotenoids  to  the  risk  of  coronary  heart  disease,  cancer,  and  other 
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chronic  degenerative  diseases.  An  imbalance  in  oxidant  stress  and 
defenses  can  lead  to  the  formation  and  excretion  of  oxidized  prod¬ 
ucts  of  nucleic  acids,  lipids,  and  proteins,  which  may  play  a  role  in 
chronic  disease. 

Many  of  these  studies  have  been  conducted  with  supplemental 
intakes  that  are  far  above  those  that  can  be  obtained  from  food, 
and  some  questions  and  controversy  remain  regarding  the  linkage 
of  these  antioxidant  nutrients  with  increased  risk  of  chronic  dis¬ 
ease.  For  example,  some  clinical  intervention  trials  have  shown  that 
in  male  long-term  smokers,  high  doses  of  (3-carotene  supplements 
did  not  decrease  and  may  have  increased  their  risk  of  lung  cancer. 

Multiple  factors  are  probably  involved  in  disease,  but  in  some 
cases,  one  particular  nutrient  may  contribute  significantly.  For  ex¬ 
ample,  vitamin  E  is  known  to  protect  ex  vivo  low-density  lipoprotein 
oxidation,  whereas  p-carotene  offers  no  protection.  Questions  that 
have  to  be  answered  include  the  following:  (1)  what  are  the  tissue 
uptake  and  subcellular  distributions  of  these  nutrients  in  humans; 
(2)  what  is  the  mechanism  by  which  these  nutrients  are  taken  up 
and  regulated  by  the  cells;  (3)  what  is  the  turnover  of  these  nutri¬ 
ents  in  the  various  tissues;  (4)  in  which  tissues  are  they  degraded 
and  how  rapidly;  and  (5)  what  are  the  major  metabolic  intermedi¬ 
ates  during  degradation  and  do  they  have  biological  function? 

Additional  randomized  clinical  trials  are  needed  to  test  whether 
or  not  supplementation  with  vitamin  C,  vitamin  E,  selenium,  and/ 
or  P-carotene  and  other  carotenoids  can  reduce  the  risk  of  chronic 
disease.  A  number  of  clinical  intervention  trials  involving  more  than 
100,000  people  are  in  progress.  However,  whether  the  results  are 
positive  or  negative,  additional  studies  will  be  necessary.  For  exam¬ 
ple,  if  the  results  are  negative,  the  question  will  arise  as  to  whether 
treatment  was  instituted  early  enough  and  whether  even  longer 
trials  starting  at  an  earlier  age  are  needed  to  test  the  hypothesis 
properly.  If  the  results  are  positive,  the  relative  importance  of  vita¬ 
min  C,  vitamin  E,  selenium,  and  p-carotene  will  have  to  be  sorted 
out,  because  they  are  being  used  in  combination  in  several  of  the 
studies.  Also,  the  issue  of  dose  will  arise.  Most  of  these  studies  are 
using  doses  that  may  be  unnecessarily  high.  The  questions  of  who 
should  be  treated,  at  what  dosage,  and  at  what  age  will  have  to  be 
addressed,  along  with  the  impact  of  treatment  on  various  subgroups 
(older  adults,  those  who  smoke,  those  with  other  chronic  diseases 
such  as  diabetes,  etc.).  Again,  if  the  results  are  positive,  indicating 
that  antioxidants  do  indeed  offer  protection,  it  will  be  important  to 
determine  if  combinations  of  antioxidants  in  various  doses  can  fur¬ 
ther  increase  the  beneficial  effect. 
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Adverse  Effects 

Considering  these  nutrients  as  a  group,  only  a  few  studies  have 
been  conducted  that  were  explicitly  designed  to  address  adverse 
effects  of  chronically  high  intake.  Thus,  information  on  which  to 
base  Tolerable  Upper  Intake  Levels  (ULs)  is  extremely  limited.  Al¬ 
though  an  unexpected  result  of  the  Alpha-Tocopherol,  Beta-Caro¬ 
tene  Cancer  Prevention  Study  was  a  non-prespecified  50  percent 
increase  in  mortality  from  hemorrhagic  stroke  in  Finnish  men  who 
smoked  and  were  supplemented  with  50  mg/day  of  vitamin  E,  addi¬ 
tional  randomized  trial  evidence  is  needed  for  confirmation  or  ref¬ 
utation  of  this  result.  Because  data  on  the  potential  for  (3-carotene 
to  produce  increased  lung  cancer  rates  in  smokers  are  conflicting, 
ongoing  studies  are  needed  to  help  resolve  this  issue. 


THE  RESEARCH  AGENDA 
Reporting  Data 

Because  the  various  forms  of  vitamin  E  are  not  interconvertible 
and  because  plasma  concentrations  of  vitamin  E  depend  on  the 
affinity  of  hepatic  a-tocopherol  transfer  protein  for  the  various 
forms,  it  is  recommended  that  the  relative  biological  potencies  of 
the  different  forms  of  vitamin  E  be  reevaluated.  Until  this  is  done, 
the  actual  concentrations  of  each  of  the  various  vitamin  E  forms  in 
food  and  biological  samples  should  be  reported  separately  when¬ 
ever  possible. 


Research 

Five  major  types  of  information  gaps  were  noted:  (1)  a  dearth  of 
studies  designed  specifically  to  estimate  average  requirements  in 
presumably  healthy  humans;  (2)  a  nearly  complete  lack  of  usable 
data  on  the  nutrient  needs  of  infants,  children,  adolescents,  and 
pregnant  women;  (3)  a  lack  of  definitive  studies  to  determine  the 
role  of  these  nutrients  in  reducing  the  risk  of  certain  chronic  dis¬ 
eases;  (4)  a  lack  of  validated  biomarkers  to  evaluate  oxidative  stress 
and  the  relationship  between  antioxidant  intake  and  health  and 
disease;  and  (5)  a  lack  of  studies  designed  to  detect  adverse  effects 
of  chronic  high  intakes  of  these  nutrients. 

Highest  priority  is  thus  given  to  research  that  has  the  potential  to 
prevent  or  retard  human  disease  processes  and  to  prevent  deficien¬ 
cies  with  functional  consequences.  The  following  six  areas  for  re- 
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search  were  assigned  the  highest  priority  (other  research  recom¬ 
mendations  are  found  at  the  end  of  Chapters  5  through  8) : 

•  Studies  to  provide  the  basic  data  for  constructing  risk  curves 
and  benefit  curves  across  the  exposures  to  dietary  and  supplemen¬ 
tal  intakes  of  vitamin  C,  vitamin  E,  selenium,  (3-carotene  and  other 
carotenoids.  Studies  should  be  designed  to  determine  the  relation¬ 
ship  of  nutrient  intakes  to  validated  biomarkers  of  oxidative  stress. 
These  studies  should  be  followed  by  nested  case-control  studies  to 
determine  the  relationship  of  the  biomarkers  of  oxidative  stress  to 
chronic  disease.  Finally,  full-scale  intervention  trials  should  be  done 
to  establish  the  preventive  potential  of  a  nutrient  for  chronic  dis¬ 
ease. 

•  Investigations  of  the  gender  specificity  of  the  metabolism  and 
requirements  for  vitamin  C,  vitamin  E,  selenium,  and  [3-carotene 
and  the  other  carotenoids. 

•  Studies  to  validate  methods  and  possible  models  for  deter¬ 
mining  Dietary  Reference  Intakes  in  the  absence  of  data  for  some 
life  stage  groups,  such  as  children,  pregnant  and  lactating  women, 
and  older  adults. 

•  Research  to  determine  the  interactions  and  possible  syner- 
gisms  of  vitamin  C,  vitamin  E,  selenium,  and  |3-carotene  with  each 
other,  with  other  nutrients  and  other  food  components,  and  with 
endogenous  antioxidants.  Multifactorial  studies  are  needed  to  dem¬ 
onstrate  in  vivo  actions  as  well  as  synergisms  that  have  been  shown 
in  vitro. 

•  Studies  to  develop  economical,  sensitive,  and  specific  meth¬ 
ods  to  assess  the  associations  of  vitamin  C,  vitamin  E,  selenium,  and 
|3-carotene  and  the  other  carotenoids  with  the  causation,  preva¬ 
lence,  prevention,  and  treatment  of  specific  viral  or  other  infec¬ 
tions. 

•  Investigations  of  the  magnitude  and  role  of  genetic  polymor¬ 
phisms  in  the  mechanisms  of  actions  of  vitamin  C,  vitamin  E,  seleni¬ 
um,  and  (3-carotene  and  the  other  carotenoids. 

Because  of  inconsistent  data,  a  Tolerable  Upper  Intake  Level  (UL) 
could  not  be  established  for  (3-carotene,  and  due  to  a  lack  of  suffi¬ 
cient  data,  ULs  could  not  be  set  for  other  carotenoids  from  food. 
Thus,  research  is  needed  concerning  the  ULs  for  the  carotenoids. 
In  addition,  research  would  be  helpful  relative  to  the  adverse  effects 
of  vitamin  C,  vitamin  E,  and  selenium.  However,  it  was  concluded 
that  higher  priority  should  be  given  to  the  areas  listed  above  be¬ 
cause  of  the  possibility  of  adverse  effects  at  intakes  consumed  from 
food  and  supplements  in  the  United  States  and  Canada. 


A 

Origin  and  Framework  of  the 
Development  of  Dietary 
Reference  Intakes 


This  report  is  the  third  in  a  series  of  publications  resulting  from 
the  comprehensive  effort  being  undertaken  by  the  Food  and  Nutri¬ 
tion  Board’s  (FNB’s)  Standing  Committee  on  the  Scientific  Evalua¬ 
tion  of  Dietary  Reference  Intakes  (DRI  Committee)  and  its  panels 
and  subcommittees. 


ORIGIN 

This  initiative  began  in  June  1993,  when  the  Food  and  Nutrition 
Board  (FNB)  organized  a  symposium  and  public  hearing  entitled 
“Should  the  Recommended  Dietary  Allowances  Be  Revised?”  Short¬ 
ly  thereafter,  to  continue  its  collaboration  with  the  larger  nutrition 
community  on  the  future  of  the  Recommended  Dietary  Allowances 
(RDAs),  the  FNB  took  two  major  steps:  (1)  it  prepared,  published, 
and  disseminated  the  paper  “How  Should  the  Recommended  Di¬ 
etary  Allowances  Be  Revised?”  (IOM,  1994),  which  invited  comments 
regarding  the  proposed  concept;  and  (2)  it  held  several  symposia  at 
nutrition-focused  professional  meetings  to  discuss  its  tentative  plans 
and  receive  responses  to  this  initial  concept.  Many  aspects  of  the 
conceptual  framework  of  DRIs  came  from  the  report  Dietary  Refer¬ 
ence  Values  for  Food  Energy  and  Nutrients  for  the  United  Kingdom  (COMA, 
1991). 

The  five  general  conclusions  presented  in  the  FNB’s  1994  paper 
are  as  follows: 

1 .  Sufficient  new  information  has  accumulated  to  support  a  re¬ 
assessment  of  the  RDAs. 
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2.  Where  sufficient  data  for  efficacy  and  safety  exist,  reduction 
in  the  risk  of  chronic  degenerative  disease  is  a  concept  that  should 
be  included  in  the  formulation  of  future  recommendations. 

3.  Upper  levels  of  intake  should  be  established  where  data  exist 
regarding  risk  of  toxicity. 

4.  Components  of  food  of  possible  benefit  to  health,  although 
not  meeting  the  traditional  concept  of  a  nutrient,  should  be  re¬ 
viewed,  and  if  adequate  data  exist,  reference  intakes  should  be  es¬ 
tablished. 

5.  Serious  consideration  must  be  given  to  developing  a  new  for¬ 
mat  for  presenting  future  recommendations. 

Subsequent  to  the  symposium  and  the  release  of  the  paper,  the 
FNB  held  workshops  at  which  invited  experts  discussed  many  issues 
related  to  the  development  of  nutrient-based  reference  values,  and 
FNB  members  have  continued  to  provide  updates  and  engage  in 
discussions  at  professional  meetings.  In  addition,  the  FNB  gave  at¬ 
tention  to  the  international  uses  of  the  earlier  RDAs  and  the  expec¬ 
tation  that  the  scientific  review  of  nutrient  requirements  should  be 
similar  for  comparable  populations. 

Concurrently,  Health  Canada  and  Canadian  scientists  were  review¬ 
ing  the  need  for  revision  of  the  Recommended  Nutrient  Intakes  (RNIs) 
(Health  Canada,  1990).  The  consensus  following  a  symposium  for 
Canadian  scientists  cosponsored  by  the  Canadian  National  Institute 
of  Nutrition  and  Health  Canada  in  April  1995  was  that  the  Canadian 
government  should  pursue  the  extent  to  which  involvement  with  the 
developing  FNB  process  would  be  of  benefit  to  both  Canada  and  the 
United  States  in  terms  of  leading  toward  harmonization. 

Based  on  extensive  input  and  deliberations,  the  FNB  initiated  ac¬ 
tion  to  provide  a  framework  for  the  development  and  possible  in¬ 
ternational  harmonization  of  nutrient-based  recommendations  that 
would  serve,  where  warranted,  for  all  of  North  America.  To  this 
end,  in  December  1995,  the  FNB  began  a  close  collaboration  with 
the  government  of  Canada  and  took  action  to  establish  the  Stand¬ 
ing  Committee  on  the  Scientific  Evaluation  of  Dietary  Reference 
Intakes. 


THE  CHARGE  TO  THE  COMMITTEE 

In  1995,  the  Standing  Committee  on  the  Scientific  Evaluation  of 
Dietary  Reference  Intakes  (DRI  Committee)  was  appointed  to  over¬ 
see  and  conduct  this  project.  To  accomplish  this  task,  the  DRI  Com¬ 
mittee  devised  a  plan  involving  the  work  of  seven  or  more  expert 
nutrient  group  panels  and  two  overarching  subcommittees  (Figure 


Standing  Committee  on  the  Scientific 
Evaluation  of  Dietary  Reference  Intakes 
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A-l ) .  The  process  described  below  is  expected  to  be  used  for  subse¬ 
quent  reports  as  well. 

The  Panel  on  Dietary  Antioxidants  and  Related  Compounds,  com¬ 
posed  of  experts  on  these  nutrients,  has  been  responsible  for  the 
following:  (1)  propose  a  definition  of  a  dietary  antioxidant;  (2)  review 
the  scientific  literature  concerning  antioxidant  nutrients  and  selected 
components  of  foods  that  may  influence  the  bioavailability  of  these 
nutrients;  (3)  develop  dietary  reference  levels  of  intake  for  the  se¬ 
lected  dietary  antioxidants  that  are  compatible  with  good  nutrition 
throughout  the  life  span  and  that  may  decrease  the  risk  of  develop¬ 
mental  abnormalities  and  chronic  disease;  (4)  address  the  safety  of 
high  intakes  of  these  dietary  antioxidants  and,  when  appropriate, 
determine  Tolerable  Upper  Intake  Levels  (ULs);  and  (5)  identify  a 
research  agenda  to  provide  a  basis  for  public  policy  decisions  related 
to  recommended  intakes  and  ways  to  achieve  these  intakes. 

The  panel  was  charged  with  analyzing  the  literature,  evaluating 
possible  criteria  or  indicators  of  adequacy,  and  providing  substan¬ 
tive  rationales  for  their  choices  of  each  criterion.  Using  the  criteri¬ 
on  chosen  for  each  stage  of  the  lifespan,  the  panel  estimated  the 
average  requirement  for  each  nutrient  or  food  component  re¬ 
viewed,  assuming  that  adequate  data  were  available.  As  panel  mem¬ 
bers  reviewed  data  on  ULs,  they  interacted  with  the  Subcommittee 
on  Upper  Reference  Levels  of  Nutrients,  which  assisted  the  panel  in 
applying  the  risk  assessment  model  to  each  selected  nutrient.  The 
panel  also  worked  with  the  Subcommittee  on  Interpretation  and 
Uses  of  Dietary  Reference  Intakes  to  determine  appropriate  exam¬ 
ples  for  using  the  Recommended  Dietary  Allowances,  Estimated 
Average  Requirements,  Adequate  Intakes,  and  ULs.  The  Dietary 
Reference  Intake  values  in  this  report  are  a  product  of  the  joint 
efforts  of  the  DRI  Committee,  the  Panel  on  Dietary  Antioxidants 
and  Related  Compounds,  the  Subcommittee  on  Upper  Reference 
Levels  of  Nutrients,  and  the  Subcommittee  on  Interpretation  and 
Uses  of  Dietary  Reference  Intakes,  all  under  the  oversight  of  the 
Food  and  Nutrition  Board. 
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c 

Dietary  Intake  Data  from  the 
Third  National  Health  and 
Nutrition  Examination  Survey 
(NHANES  III),  1988-1994 


TABLE  C-l  Dietary  Vitamin  C  Intake  (mg):  Mean  and 
Selected  Percentiles,  United  States,  NHANES  III,  1988-1994 


Sexa  and  Age 

Number 
of  Persons 
Examined 

Selected  Percentiles 

Mean 

1st 

5th 

Both  sexes,  0-6  mo 

413 

93.9 

55.0 

64.0 

Standard  error 

6.5 

2.5 

4.0 

Both  sexes,  7-12  mo 

579 

110.2 

56.0 

69.0 

Standard  error 

4.4 

3.3 

3.8 

Both  sexes,  1-3  y 

3,623 

91.5 

50.0 

60.0 

Standard  error 

1.7 

1.3 

1.3 

Both  sexes,  4-8  y 

4,663 

104.6 

57.0 

68.0 

Standard  error 

2.2 

5.7 

4.9 

M, 9-13  y 

1,262 

109.9 

42.0 

56.0  , 

Standard  error 

4.7 

2.6 

3.0 

M, 14-18  y 

938 

128.0 

41.0 

57.0 

Standard  error 

6.0 

2.0 

2.6 

M,  19-30  y 

1,960 

122.2 

39.0 

55.0 

Standard  error 

3.9 

2.1 

2.6 

M,  31-50  y 

2,611 

115.1 

37.0 

52.0 

Standard  error 

3.2 

1.5 

1.7 

M,  51-70  y 

2,029 

110.6 

33.0 

47.0 

Standard  error 

4.6 

1.8 

2.3 

M, 71+  y 

1,321 

103.9 

36.0 

50.0 

Standard  error 

3.3 

1.3 

1.6 
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10th 

25th 

50th 

75th 

90th 

95th 

99th 

69.0 

78.0 

91.0 

107.0 

124.0 

135.0 

157.0 

4.8 

5.5 

7.7 

10.7 

10.8 

9.5 

7.4 

76.0 

90.0 

108.0 

127.0 

147.0 

160.0 

186.0 

3.8 

3.8 

4.3 

5.2 

6.1 

6.9 

10.6 

65.0 

76.0 

89.0 

105.0 

120.0 

130.0 

151.0 

1.4 

1.5 

1.7 

2.0 

2.4 

2.7 

3.5 

75.0 

87.0 

103.0 

120.0 

137.0 

148.0 

170.0 

4.4 

3.3 

2.3 

2.8 

4.8 

6.4 

10.1 

65.0 

82.0 

105.0 

132.0 

162.0 

181.0 

223.0 

3.3 

3.8 

4.6 

5.7 

7.2 

8.4 

11.4 

68.0 

89.0 

119.0 

157.0 

199.0 

228.0 

293.0 

3.1 

4.1 

5.6 

7.7 

10.3 

12.3 

17.2 

65.0 

85.0 

114.0 

150.0 

190.0 

217.0 

278.0 

2.9 

3.4 

3.8 

4.9 

7.1 

9.2 

14.9 

62.0 

81.0 

108.0 

141.0 

178.0 

203.0 

258.0 

1.9 

2.3 

2.9 

4.0 

5.6 

6.8 

10.1 

57.0 

76.0 

103.0 

137.0 

174.0 

200.0 

256.0 

2.5 

3.1 

4.2 

5.8 

8.0 

9.8 

14.2 

59.0 

76.0 

99.0 

126.0 

155.0 

175.0 

215.0 

1.8 

2.2 

3.0 

4.3 

5.9 

7.3 

10.4 

continued 


DIETARY  REFERENCE  INTAKES 


418 

TABLE  C-l  Continued 


Sex"  and  Age 

Number 
of  Persons 
Examined 

Selected  Percentiles 

Mean 

1st 

5th 

F,  9-13  y 

1,279 

103.2 

47.0 

60.0 

Standard  error 

5.7 

2.4 

2.9 

F,  14-18  y 

707 

94.4 

32.0 

44.0 

Standard  error 

6.3 

2.8 

3.6 

F,  19-30  y 

1,106 

84.1 

31.0 

42.0 

Standard  error 

4.7 

2.8 

3.6 

F,  31-50  y 

2,644 

90.0 

32.0 

43.0 

Standard  error 

2.6 

1.9 

2.1 

F,  51-70  y 

2,143 

102.4 

35.0 

49.0 

Standard  error 

3.5 

2.1 

2.3 

F,  71+  y 

1,436 

102.8 

45.0 

58.0 

Standard  error 

2.6 

1.8 

1.9 

Pregnant 

214 

124.0 

49.0 

65.0 

Standard  error 

11.3 

6.4 

9.4 

Lactating 

100 

136.8 

50.0 

65.0 

Standard  error 

21.0 

13.8 

20.2 

All  individuals  (+P/L) 

29,022 

105.5 

46.0 

58.0 

Standard  error 

1.3 

3.5 

3.2 

All  individuals 

28,714 

105.3 

45.0 

58.0 

Standard  error 

1.2 

3.3 

3.0 

NOTE:  Estimated  mean  and  standard  deviation,  and  selected  percentiles  of  the  usual 
intake  distribution  of  vitamin  C,  computed  using  intake  from  food  sources  alone. 
Dietary  intake  data  are  from  NHANES  III,  and  the  distribution  was  adjusted  using 
C-SIDE  and  the  method  presented  in  Nusser  SM,  Carriquiry  AL,  Dodd  KW,  Fuller  WA. 
1996.  A  semiparametric  transformation  approach  to  estimating  usual  daily  intake  distri¬ 
butions.  J  Am  Stat  Assoc  91:1440-1449.  Data  corresponding  to  age  groups  0-6  months, 
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10  th 

25th 

50th 

75th 

90th 

95th 

67.0 

82.0 

100.0 

121.0 

143.0 

158.0 

3.4 

4.5 

5.9 

7.1 

8.1 

8.8 

52.0 

68.0 

89.0 

115.0 

144.0 

163.0 

4.0 

4.9 

6.1 

7.5 

9.7 

11.9 

48.0 

61.0 

79.0 

102.0 

126.0 

142.0 

4.0 

4.4 

4.7 

5.2 

6.3 

7.6 

51.0 

65.0 

85.0 

109.0 

136.0 

154.0 

2.2 

2.3 

2.6 

3.1 

4.1 

4.9 

57.0 

74.0 

97.0 

125.0 

154.0 

173.0 

2.4 

2.7 

3.3 

4.6 

6.3 

8.0 

66.0 

81.0 

100.0 

122.0 

144.0 

158.0 

2.1 

2.2 

2.5 

3.0 

3.7 

4.2 

75.0 

93.0 

119.0 

148.0 

180.0 

202.0 

10.9 

12.3 

12.3 

12.0 

13.1 

14.3 

75.0 

98.0 

130.0 

169.0 

208.0 

232.0 

22.6 

23.7 

22.5 

23.7 

28.4 

30.9 

66.0 

82.0 

102.0 

125.0 

150.0 

166.0 

2.8 

2.1 

1.3 

2.2 

4.4 

6.1 

66.0 

81.0 

101.0 

125.0 

150.0 

167.0 

2.7 

2.0 

1.2 

2.2 

4.3 

6.0 

7-12  months,  and  1-3  years  of  age  were  not  adjusted  because  no  replic; 
intake  data  are  available  for  children  under  3  years. 
a  M  =  male,  F  =  female. 


SOURCE:  Iowa  State  University  Department  of  Statistics,  1999. 
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99th 


187.0 

11.0 

205.0 

19.4 

179.0 

11.6 

194.0 

7.0 

215.0 

12.7 

188.0 

5.4 

247.0 

17.9 

274.0 

32.6 

201.0 

10.0 

203.0 

9.9 


vitamin  C 
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TABLE  C-2  Total  (Diet  +  Supplements)  Vitamin  C  Intake  (mg): 
Mean  and  Selected  Percentiles,  United  States,  NHANES  III, 
1988-1994 


Sex0  and  Age 

Number 
of  Persons 
Examined 

Selected  Percentiles 

Mean 

1st 

5  th 

Both  sexes,  0-6  mo 

413 

100.3 

54.9 

65.5 

Both  sexes,  7-12  mo 

579 

122.5 

62.8 

70.9 

Both  sexes,  1-3  y 

3,623 

121.1 

53.0 

62.8 

Both  sexes,  4-8  y 

4,663 

136.2 

58.7 

70.9 

M, 9-13  y 

1,262 

143.2 

44.1 

59.2 

M,  14-18  y 

938 

156.7 

37.3 

60.8 

M,  19-30  y 

1,960 

172.9 

36.3 

59.5 

M,  31-50  y 

2,611 

187.1 

36.4 

55.8 

M,  51-70 y 

2,029 

199.4 

34.0 

49.8 

M,  71+ y 

1,321 

176.3 

38.2 

52.5 

F,  9-13  y 

1,279 

129.8 

44.2 

63.5 

F,  14-18  y 

707 

145.5 

31.1 

50.1 

F,  19-30  y 

1,106 

121.9 

31.1 

44.4 

F,  31-50  y 

2,644 

165.1 

31.0 

48.1 

F,  51-70  y 

2,143 

202.4 

37.7 

52.3 

F,  71+  y 

1,436 

192.3 

46.8 

62.2 

Pregnant 

214 

192.7 

68.9 

77.7 

Lactating 

100 

195.9 

60.5 

76.6 

All  individuals  (+P/L) 

29,022 

167.2 

45.5 

61.9 

All  individuals 

28,714 

186.9 

44.6 

61.0 

NOTE:  Estimated  mean  and  selected  percentiles  of  the  usual  intake  distribution  of 
vitamin  C,  computed  using  intakes  from  food  and  supplement  sources.  Dietary  intake 
data  are  from  NHANES  III.  Intakes  from  food  were  adjusted  using  C-SIDE  and  the 
method  presented  by  Nusser  SM,  Carriquiry  AL,  Dodd  KW,  Fuller  WA.  1996.  A 
semiparametric  transformation  approach  to  estimating  usual  daily  intake  distributions. 
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73.0  79.4  95.5  113.6  137.1  145.5  194.0 

77.6  94.9  114.1  139.4  165.3  177.7  423.9 

70.1  83.7  104.4  137.6  168.2  190.7  378.7 

79.3  95.3  117.7  151.0  185.3  256.8  395.1 

65.9  85.6  119.3  158.3  216.6  334.6  598.3 

72.1  91.9  126.3  182.3  254.8  358.8  617.0 

68.6  91.1  127.1  177.7  264.0  400.4  1,176.1 

66.6  88.7  121.3  175.9  293.3  503.2  1,237.8 

62.9  84.3  123.5  186.9  372.9  629.5  1,301.6 

64.1  82.5  118.0  169.4  349.1  605.8  1,131.6 

70.2  87.5  111.7  141.3  188.9  232.7  621.3 

55.0  68.9  94.2  130.7  179.6  226.4  723.0 

52.9  67.0  90.1  129.2  176.6  233.8  721.6 

55.4  72.8  102.3  151.4  311.6  552.2  1,132.9 

63.5  86.0  123.7  185.9  422.1  655.7  1,236.1 

70.8  89.7  119.2  175.0  386.0  607.9  1,178.6 

96.7  129.4  185.0  237.1  266.7  359.6  540.0 

103.9  137.2  181.9  236.4  287.8  296.7  418.6 

70.6  88.1  116.3  158.8  246.3  427.6  1,131.0 

69.6  87.4  115.9  158.1  246.7  430.3  1,131.2 

J  Am  Stat  Assoc  91:1440-1449.  However,  intakes  from  supplements  are  unadjusted,  so 
the  day-to-day  variability  in  intakes  may  not  have  been  totally  removed  from  the  data. 
Standard  errors  were  not  available  for  this  data  set. 
a  M  =  male,  F  =  female. 

SOURCE:  Iowa  State  University  Department  of  Statistics,  1999. 
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TABLE  C-3  Dietary  Vitamin  E  Intake  (a-Tocopherol 
Equivalents,  mg):  Mean  and  Selected  Percentiles,  United 
States,  NHANES  III,  1988-1994 


Sexfl  and  Age 

Number 
of  Persons 
Examined 

Selected  Percentiles  j 

Mean 

1st 

5  th 

Both  sexes,  0-6  mo 

414 

12.3 

7.5 

8.8 

Standard  error 

0.3 

0.3 

0.3 

Both  sexes,  7-12  mo 

579 

8.5 

4.1 

4.8 

Standard  error 

0.3 

0.2 

0.3 

Both  sexes  1-3  y 

3,624 

5.5 

3.4 

3.9 

Standard  error 

0.1 

0.1 

0.1 

Both  sexes,  4-8  y 

4,664 

7.2 

4.7 

5.3 

Standard  error 

0.2 

1.0 

0.8 

M,  9-13  y 

1,262 

9.1 

5.1 

6.0 

Standard  error 

0.5 

0.3 

0.3 

M,  14-18  y 

938 

12.0 

5.9 

6.8 

Standard  error 

1.9 

0.3 

0.4 

M,  19-30  y 

1,960 

11.6 

6.8 

7.9 

Standard  error 

0.5 

0.3 

0.3 

M,  31-50  y 

2,611 

12.1 

6.3 

7.6 

Standard  error 

0.7 

0.7 

0.8 

M,  51-70  y 

2,029 

10.6 

5.3 

6.3 

Standard  error 

0.2 

0.2 

0.2 

M,  71+  y 

1,322 

9.8 

4.8 

5.8  | 

Standard  error 

0.4 

0.2 

0.2 

F,  9-13  y 

1,279 

7.8 

4.1 

4.9 

Standard  error 

0.2 

0.1 

0.2 

F,  14-18  y 

707 

7.9 

4.0 

4.8 

Standard  error 

0.5 

0.2 

0.3 

F,  19-30  y 

1,106 

8.5 

4.3 

5.2 

Standard  error 

0.4 

0.3 

0.4 

F,  31-50  y 

2,644 

8.2 

4.3 

5.2 

Standard  error 

0.3 

0.3 

0.3 

F,  51-70  y 

2,145 

7.7 

3.5 

4.4 

Standard  error 

0.3 

0.3 

0.3 

F,  71+  y 

1,436 

8.0 

4.1 

4.9 

Standard  error 

0.3 

0.3 

0.3 

Pregnant 

214 

10.1 

5.0 

6.3 

Standard  error 

1.2 

0.5 

0.7 

Lactating 

100 

12.0 

6.6 

7.7 

Standard  error 

1.5 

0.6 

0.8 

All  individuals  (+P/L) 

29,028 

9.2 

5.3 

6.2 

Standard  error 

0.1 

0.7 

0.6 

All  individuals 

28,720 

9.3 

5.1 

6.0 

Standard  error 

0.1 

0.7 

0.6 

NOTE:  Estimated  mean  and  standard  deviation,  and  selected  percentiles  of  the  usual 
intake  distribution  of  vitamin  E,  computed  using  intake  from  food  sources  alone.  Di¬ 
etary  intake  data  are  from  NHANES  III,  and  the  distribution  was  adjusted  using  C-SIDE 
and  the  method  presented  in  Nusser  SM,  Carriquiry  AL,  Dodd  KW,  Fuller  WA.  1996.  A 
semiparametric  transformation  approach  to  estimating  usual  daily  intake  distributions. 
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10  th 

25th 

50th 

75th 

90th 

95th 

99th 

9.5 

10.7 

12.2 

13.7 

15.2 

16.1 

17.8 

0.3 

0.3 

0.4 

0.4 

0.4 

0.5 

0.6 

5.3 

6.4 

8.2 

10.3 

12.1 

13.1 

14.8 

0.4 

0.5 

0.4 

0.6 

0.8 

0.7 

0.6 

4.1 

4.7 

5.3 

6.1 

6.9 

7.4 

8.5 

0.1 

0.1 

0.1 

0.1 

0.2 

0.2 

0.3 

5.7 

6.3 

7.1 

8.1 

9.0 

9.6 

10.9 

0.7 

0.5 

0.3 

0.3 

0.6 

0.9 

1.5 

6.5 

7.5 

8.8 

10.4 

12.0 

13.2 

15.7 

0.3 

0.3 

0.4 

0.6 

0.7 

0.8 

1.1 

7.6 

9.2 

11.3 

13.8 

17.2 

19.7 

25.4 

0.5 

0.8 

1.2 

2.3 

4.2 

6.0 

11.4 

8.5 

9.8 

11.4 

13.2 

15.0 

16.1 

18.4 

0.3 

0.4 

0.5 

0.7 

0.7 

0.8 

1.0 

8.4 

9.9 

11.7 

13.9 

16.3 

17.8 

21.3 

0.8 

0.8 

0.8 

0.8 

0.9 

1.0 

1.3 

7.0 

8.4 

10.1 

12.4 

14.9 

16.6 

20.7 

0.2 

0.2 

0.2 

0.3 

0.4 

0.6 

1.0 

6.4 

7.6 

9.3 

11.4 

13.9 

15.7 

20.0 

0.3 

0.2 

0.3 

0.5 

0.9 

1.1 

1.9 

5.4 

6.4 

7.5 

9.0 

10.5 

11.5 

13.9 

0.3 

0.2 

0.3 

0.3 

0.3 

0.3 

0.5 

5.4 

6.3 

7.6 

9.2 

10.9 

12.1 

14.7 

0.3 

0.3 

0.4 

0.6 

0.8 

1.0 

1.5 

5.8 

6.9 

8.2 

9.9 

11.6 

12.8 

15.6 

0.4 

0.4 

0.4 

0.6 

0.7 

0.7 

2.1 

5.7 

6.7 

8.0 

9.5 

11.1 

12.1 

14.3 

0.3 

0.3 

0.3 

0.3 

0.5 

0.6 

0.9 

4.9 

6.0 

7.4 

9.1 

11.0 

12.3 

15.1 

0.3 

0.3 

0.3 

0.3 

0.5 

0.7 

1.1 

5.4 

6.4 

7.7 

9.3 

11.0 

12.2 

14.7 

0.3 

0.2 

0.3 

0.4 

0.6 

0.8 

1.2 

7.0 

8.3 

9.8 

11.6 

13.5 

14.9 

18.1 

0.9 

1.1 

1.2 

1.4 

1.7 

1.9 

2.5 

8.4 

9.8 

11.6 

13.8 

16.1 

17.7 

21.2 

0.9 

1.1 

1.4 

1.8 

2.3 

2.7 

3.5 

6.7 

7.7 

9.0 

10.4 

11.5 

12.9 

14.9 

0.5 

0.4 

0.2 

0.3 

0.7 

1.0 

1.6 

6.6 

7.8 

8.9 

10.5 

12.0 

13.1 

15.3 

0.5 

0.4 

0.2 

0.3 

0.7 

0.9 

1.6 

J  Am  Stat  Assoc  91:1440-1449.  Data  corresponding  to  age  groups  0-6  months,  7-12 
months,  and  1-3  years  of  age  were  not  adjusted  because  no  replicate  vitamin  E  intake 
data  are  available  for  children  under  3  years. 
a  M  =  male,  F  =  female. 

SOURCE:  Iowa  State  University  Department  of  Statistics,  1999. 


DIETARY  REFERENCE  INTAKES 


424 


TABLE  C-4  Dietary  a-Tocopherol  Intake  (mg):  Mean  and 
Selected  Percentiles,  United  States,  NHANES  III,  1988-1994 


Sexa  and  Age 

Number 
of  Persons 
Examined 

Selected  Percentiles  j 

Mean 

1st 

5th 

Both  sexes,  4-8  y 

3,455 

5.7 

4.2 

4.6 

Standard  error 

0.1 

2.2 

1.8 

M, 9-13  y 

1,223 

7.4 

1.6 

2.6 

Standard  error 

0.3 

0.1 

0.1 

M,  14-18  y 

913 

9.9 

1.5 

2.6 

Standard  error 

1.6 

0.1 

0.2 

M,  19-30  y 

1 ,905 

9.6 

2.1 

3.6 

Standard  error 

0.3 

0.1 

0.2 

M,  31-50  y 

2,532 

9.6 

2.2 

3.5 

Standard  error 

0.2 

0.1 

0.1 

M,  51-70  y 

1 ,943 

8.9 

1.8 

2.9 

Standard  error 

0.2 

0.1 

0.2 

M, 71+  y 

1,256 

8.2 

1.6 

2.5 

Standard  error 

0.4 

0.1 

0.1 

F,  9-13  y 

1,241 

6.3 

1.5 

2.3 

Standard  error 

0.2 

0.1 

0.1 

F,  14-18  y 

1,029 

6.9 

1.2 

2.4 

Standard  error 

0.4 

0.1 

0.2 

F,  19-30  y 

2,204 

7.1 

1.4 

2.4 

Standard  error 

0.2 

0.1 

0.1 

F,  31-50  y 

3,060 

7.4 

1.7 

2.8 

Standard  error 

0.3 

0.1 

0.1 

F,  51-70  y 

2,080 

6.6 

1.4 

2.4 

Standard  error 

0.3 

0.1 

0.1 

F,  71+  y 

1,369 

6.5 

1.3 

2.0  i 

Standard  error 

0.3 

0.1 

0.1 

All  individuals 

29,136 

7.5 

3.0 

3.9 

Standard  error 

0.1 

0.3 

0.3 

NOTE:  Estimated  mean  and  standard  deviation,  and  selected  percentiles  of  the  usual 
intake  distribution  of  vitamin  E,  computed  using  intake  from  food  sources  alone.  Di¬ 
etary  intake  data  are  from  NHANES  III,  and  the  distribution  was  adjusted  using  C-SIDE 
and  the  method  presented  in  Nusser  SM,  Carriquiry  AL,  Dodd  KW,  Fuller  WA.  1996.  A 
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10th 

25th 

50th 

75th 

90th 

95th 

99th 

4.8 

5.2 

5.6 

6.1 

6.6 

6.9 

7.5 

1.5 

1.0 

0.3 

0.7 

1.7 

2.4 

4.0 

3.3 

4.4 

6.4 

9.2 

12.4 

15.5 

24.9 

0.2 

0.2 

0.2 

0.3 

0.7 

1.2 

3.3 

3.5 

5.3 

7.7 

11.4 

16.2 

22.0 

51.9 

0.2 

0.2 

0.4 

0.9 

2.8 

5.6 

28.2 

4.4 

5.9 

8.5 

11.9 

15.6 

19.2 

29.3 

0.2 

0.2 

0.3 

0.4 

0.7 

1.1 

2.4 

4.4 

5.9 

8.4 

11.9 

15.9 

19.8 

30.7 

0.1 

0.1 

0.2 

0.2 

0.4 

0.7 

1.9 

3.7 

5.1 

7.5 

10.8 

15.1 

19.5 

33.3 

0.2 

0.3 

0.2 

0.5 

0.6 

1.0 

2.7 

3.2 

4.3 

6.5 

9.8 

14.3 

19.2 

35.6 

0.2 

0.2 

0.2 

0.4 

0.9 

1.6 

4.3 

2.9 

3.9 

5.6 

7.7 

10.1 

12.6 

20.0 

0.1 

0.1 

0.2 

0.3 

0.4 

0.6 

1.5 

2.9 

3.8 

5.6 

8.6 

11.9 

15.1 

27.8 

0.2 

0.1 

0.3 

0.5 

0.7 

1.6 

4.7 

3.0 

4.2 

6.1 

8.7 

11.9 

15.2 

24.9 

0.1 

0.1 

0.1 

0.3 

0.5 

0.8 

2.1 

3.3 

4.4 

6.4 

9.2 

12.5 

14.8 

24.0 

0.1 

0.1 

0.3 

0.5 

1.0 

1.0 

2.6 

2.9 

3.9 

5.6 

8.1 

11.0 

14.0 

24.8 

0.1 

0.1 

0.2 

o;3 

0.6 

1.1 

3.4 

i  2.6 

3.7 

5.2 

7.6 

11.6 

15.4 

26.9 

0.1 

0.1 

0.1 

0.3 

0.7 

1.1 

3.0 

4.5 

5.6 

7.1 

9.0 

11.1 

12.6 

16.1 

0.2 

0.2 

0.1 

0.1 

0.4 

0.6 

1.1 

semiparametric  transformation  approach  to  estimating  usual  daily  intake  distributions. 
J  Am  Stat  Assoc  91:1440-1449. 
a  M  =  male,  F  =  female. 


SOURCE:  Iowa  State  University  Department  of  Statistics,  1999. 
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TABLE  C-5  Total  (Diet  +  Supplements)  Vitamin  E  Intake  (oc- 
Tocopherol  Equivalents,  mg):  Mean  and  Selected  Percentiles, 
United  States,  NHANES  III,  1988-1994 


Sexa  and  Age 

Number 
of  Persons 
Examined 

Selected  Percentiles  | 

Mean 

1st 

5th 

Both  sexes,  0-6  mo 

414 

12.6 

7.4 

8.6 

Both  sexes,  7-12  mo 

579 

9.3 

3.9 

4.9 

Both  sexes  1-3  y 

3,624 

11.5 

3.4 

4.2 

Both  sexes,  4-8  y 

4,664 

13.2 

4.9 

5.4 

M,  9-13  y 

1,262 

13.6 

5.0 

6.4 

M,  14-18  y 

938 

16.8 

6.0 

7.0 

M,  19-30 y 

1,960 

22.8 

6.7 

8.1 

M,  31-50  y 

2,611 

26.6 

6.4 

7.8 

M,  51-70  y 

2,029 

35.3 

5.3 

6.5 

M,  71+  y 

1,322 

39.9 

5.1 

6.2 

F,  9-13  y 

1,279 

12.8 

4.1 

4.9 

F,  14-18  y 

707 

12.2 

4.3 

4.9 

F,  19-30  y 

1,106 

17.7 

4.8 

5.5 

F,  31-50  y 

2,644 

30.1 

4.4 

5.5 

F,  51-70  y 

2,145 

44.9 

3.6 

4.8 

F,  71+  y 

1 ,436 

36.8 

4.1 

5.3 

Pregnant 

214 

31.6 

4.7 

7.0 

Lactating 

100 

29.2 

7.5 

8.3 

All  individuals  (+P/L) 

29,028 

25.7 

5.3 

6.4 

All  individuals 

28,720 

25.7 

5.0 

6.2 

NOTE:  Estimated  mean  and  selected  percentiles  of  the  usual  intake  distribution  of 
vitamin  E,  computed  using  intakes  from  food  and  supplement  sources.  Dietary  intake 
data  are  from  NHANES  III.  Intakes  from  food  were  adjusted  using  C-SIDE  and  the 
method  presented  by  Nusser  SM,  Carriquiry  AL,  Dodd  KW,  Fuller  WA.  1996.  A 
semiparametric  transformation  approach  to  estimating  usual  daily  intake  distributions. 
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10th 

25th 

50th 

75th 

90th 

95th 

99th 

9.2 

10.7 

12.3 

13.7 

16.0 

17.5 

21.0 

5.7 

6.8 

8.8 

11.2 

13.2 

14.8 

18.1 

4.3 

5.1 

6.2 

17.7 

21.3 

34.7 

36.4 

5.9 

6.8 

8.0 

20.2 

23.6 

36.5 

39.5 

6.8 

7.9 

9.6 

13.0 

24.6 

34.9 

67.8 

7.8 

9.6 

11.5 

15.3 

23.0 

40.4 

121.2 

8.6 

10.1 

12.1 

15.3 

42.1 

53.0 

239.8 

8.6 

10.5 

12.9 

18.1 

43.1 

73.9 

243.1 

7.3 

8.9 

11.7 

29.5 

46.6 

116.1 

444.0 

6.5 

8.2 

10.8 

36.1 

70.2 

141.4 

443.6 

5.6 

6.6 

8.4 

11.8 

32.2 

37.7 

42.0 

5.5 

6.8 

8.0 

11.1 

20.1 

37.6 

41.9 

6.2 

7.1 

9.2 

13.2 

38.0 

40.4 

137.1 

6.2 

7.3 

9.1 

25.7 

40.3 

107.4 

420.4 

5.6 

6.9 

9.1 

36.9 

106.4 

191.7 

508.7 

6.1 

7.2 

8.9 

36.9 

69.7 

140.2 

437.7 

7.9 

9.0 

24.5 

39.7 

43.2 

47.3 

416.8 

9.5 

12.2 

25.5 

39.3 

42.5 

114.3 

141.0 

7.1 

8.3 

9.9 

19.1 

39.9 

69.1 

409.0 

7.0 

8.2 

9.9 

18.3 

39.8 

69.5 

409.0 

J  Am  Stat  Assoc  91:1440-1449.  However,  intakes  from  supplements  are  unadjusted,  so 
the  day-to-day  variability  in  intakes  may  not  have  been  totally  removed  from  the  data. 
Standard  errors  were  not  available  for  this  data  set. 
a  M  =  male,  F  =  female. 

SOURCE:  Iowa  State  University  Department  of  Statistics,  1999. 
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TABLE  C-6  Dietary  Selenium  Intake  (pg):  Mean  and  Selected 
Percentiles,  United  States,  NHANES  III,  1988-1994 


Sex°  and  Age 

Number 
of  Persons 
Examined 

Selected  Percentiles 

Mean 

1st 

5th 

Both  sexes,  0-6  mo 

793 

18.8 

3.2 

7.7 

Both  sexes,  7-12  mo 

827 

37.4 

9.1 

14.7 

Both  sexes,  1-3  y 

3,309 

65.5 

15.5 

27.0 

Both  sexes,  4-8  y 

3,456 

86.8 

48.0 

58.0 

Standard  error 

1.5 

8.4 

6.9 

M,  9-13 y 

1,223 

116.0 

57.0 

70.0 

Standard  error 

5.2 

2.5 

3.7 

M, 14-18 y 

914 

142.7 

67.0 

85.0 

Standard  error 

4.2 

3.0 

4.4 

M,  19-30  y 

1,906 

158.5 

81.0 

100.0 

Standard  error 

3.5 

2.9 

3.5 

M,  31-50  y 

2,536 

151.1 

74.0 

92.0 

Standard  error 

3.3 

3.0 

3.2 

M,  51-70  y 

1,946 

133.7 

64.0 

80.0 

Standard  error 

2.6 

1.9 

1.9 

M,  71+  y 

1,257 

112.0 

57.0 

69.0 

Standard  error 

2.0 

1.4 

1.5 

F,  9-13  y 

1,241 

91.9 

53.0 

63.0 

Standard  error 

1.4 

1.6 

1.4 

F,  14-18  y 

697 

87.9 

44.0 

54.0 

Standard  error 

3.1 

2.4 

2.5 

F,  19-30  y 

1,084 

103.3 

52.0 

62.0 

Standard  error 

8.8 

2.4 

3.2 

F,  31-50  y 

2,587 

100.5 

55.0 

66.0 

Standard  error 

2.2 

2.5 

2.8 

F,  51-70  y 

2,080 

93.7 

51.0 

61.0 

Standard  error 

1.7 

2.3 

2.3 

F,  71+  y 

1,370 

83.3 

46.0 

55.0 

Standard  error 

1.7 

1.0 

1.0 

Pregnant 

211 

115.9 

60.0 

73.0 

Standard  error 

6.4 

5.6 

5.3 

Lactating 

96 

139.2 

86.0 

99.0 

Standard  error 

8.3 

6.1 

6.8 

All  individuals  (+P/L) 

27,528 

113.7 

43.0 

57.0 

Standard  error 

1.1 

1.9 

1.7 

All  individuals 

27,226 

113.5 

43.0 

57.0 

Standard  error 

1.1 

1.9 

1.8 

NOTE:  Estimated  mean  and  standard  deviation,  and  selected  percentiles  of  the  usual 
intake  distribution  of  selenium,  computed  using  intake  from  food  sources  alone.  Di¬ 
etary  intake  data  are  from  NHANES  III,  and  the  distribution  was  adjusted  using  C-SIDE 
and  the  method  presented  in  Nusser  SM,  Carriquiry  AL,  Dodd  KW,  Fuller  WA.  1996.  A 
semiparametric  transformation  approach  to  estimating  usual  daily  intake  distributions. 
J  Am  Stat  Assoc  91:1440-1449.  Data  corresponding  to  age  groups  0-6  months,  7-12 
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10  th 

25th 

50th 

75th 

90th 

95th 

99th 

9.8 

13.5 

17.0 

22.2 

29.9 

36.0 

56.9 

17.1 

23.4 

32.2 

46.9 

64.4 

75.1 

109.9 

33.4 

45.4 

61.1 

80.5 

101.7 

121.7 

155.7 

63.0 

73.0 

85.0 

99.0 

113.0 

122.0 

142.0 

5.9 

3.9 

1.7 

3.1 

7.1 

10.1 

17.1 

78.0 

93.0 

112.0 

134.0 

159.0 

176.0 

216.0 

5.0 

5.2 

3.6 

7.3 

13.6 

14.7 

27.6 

95.0 

114.0 

138.0 

166.0 

196.0 

216.0 

258.0 

5.3 

5.3 

3.8 

4.9 

5.9 

7.5 

19.2 

111.0 

131.0 

154.0 

181.0 

211.0 

231.0 

276.0 

3.8 

3.9 

3.6 

3.8 

4.7 

5.4 

7.4 

102.0 

121.0 

146.0 

175.0 

206.0 

228.0 

280.0 

3.1 

2.9 

3.4 

4.0 

5.3 

7.0 

12.3 

89.0 

105.0 

128.0 

155.0 

186.0 

208.0 

261.0 

1.9 

1.9 

2.3 

3.1 

5.3 

7.5 

14.1 

77.0 

91.0 

108.0 

129.0 

152.0 

167.0 

202.0 

1  1.6 

1.7 

1.9 

2.5 

3.5 

4.5 

7.0 

69.0 

79.0 

90.0 

104.0 

117.0 

125.0 

143.0 

1.3 

1.3 

1.4 

1.6 

2.1 

2.6 

3.8 

61.0 

72.0 

86.0 

101.0 

118.0 

129.0 

153.0 

2.6 

2.8 

3.1 

3.5 

4.2 

4.8 

6.6 

68.0 

81.0 

99.0 

120.0 

143.0 

159.0 

200.0 

4.0 

4.3 

8.0 

11.5 

18.1 

22.1 

39.0 

72.0 

83.0 

98.0 

115.0 

132.0 

144.0 

170.0 

2.6 

2.1 

2.1 

2.7 

4.0 

5.9 

9.4 

68.0 

78.0 

92.0 

107.0 

123.0 

133.0 

157.0 

2.3 

2.0 

1.7 

1.9 

2.7 

3.4 

5.4 

61.0 

70.0 

82.0 

94.0 

108.0 

117.0 

138.0 

1.0 

1.1 

1.4 

2.1 

3.1 

4.1 

7.1 

81.0 

95.0 

113.0 

134.0 

154.0 

167.0 

194.0 

5.3 

5.8 

6.6 

7.8 

9.1 

10.1 

12.5 

107.0 

121.0 

137.0 

156.0 

174.0 

186.0 

209.0 

7.3 

7.9 

8.7 

9.3 

10.2 

10.9 

13.1 

66.0 

83.0 

106.0 

136.0 

170.0 

194.0 

250.0 

1.3 

1.1 

1.2 

1.5 

2.4 

4.2 

8.2 

66.0 

83.0 

106.0 

136.0 

170.0 

193.0 

250.0 

1.3 

1.1 

1.2 

1.5 

2.5 

4.2 

8.2 

months,  and  1-3  years  of  age  were  not  adjusted  because  no  replicate  selenium  intake 
data  are  available  for  children  under  3  years. 
a  M  =  male,  F  =  female. 


SOURCE:  Iowa  State  University  Department  of  Statistics,  1999. 
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TABLE  C-7  Total  (Diet  +  Supplements)  Selenium  Intake  (pg): 
Mean  and  Selected  Percentiles,  United  States,  NHANES  III, 
1988-1994 


Sexa  and  Age 

Number 
of  Persons 
Examined 

Selected  Percentiles 

Mean 

1st 

5  th 

Both  sexes,  0-6  mo 

793 

35.3 

17.2 

24.0 

Both  sexes,  7-12  mo 

827 

49.7 

25.7 

31.8 

Both  sexes,  1-3  y 

3,309 

69.2 

32.7 

43.3 

Both  sexes,  4-8  y 

3,456 

87.0 

49.4 

58.2 

M,  9-13  y 

1,223 

116.6 

58.2 

72.4 

M,  14-18  y 

914 

143.8 

68.7 

87.9 

M,  19-30  y 

1,906 

160.9 

81.6 

103.4 

M,  31-50  y 

2,536 

154.1 

74.2 

94.3 

M,  51-70  y 

1,946 

136.2 

65.8 

80.9 

M,  71+  y 

1,257 

116.4 

57.8 

71.4 

F,  9-13  y 

1,241 

92.5 

53.6 

65.3 

F,  14-18  y 

697 

88.7 

41.6 

56.4 

F,  19-30  y 

1,084 

105.1 

53.9 

63.9 

F,  31-50  y 

2,587 

103.5 

56.7 

67.0 

F,  51-70  y 

2,080 

98.4 

53.6 

63.3 

F,  71+  y 

1,370 

87.7 

47.0 

56.5 

Pregnant 

211 

123.9 

52.0 

82.5 

Lactating 

96 

132.9 

79.3 

97.4 

All  individual  (+P/L) 

27,528 

116.1 

42.9 

57.7 

All  individuals 

27,226 

116.0 

43.1 

57.8 

NOTE:  Estimated  mean  and  standard  deviation,  and  selected  percentiles  of  the  usual 
intake  distribution  of  selenium,  computed  using  intakes  from  food  and  supplement 
sources.  Dietary  intake  data  are  from  NHANES  III.  Intakes  from  food  were  adjusted 
using  C-SIDE  and  the  method  presented  by  Nusser  SM,  Carriquiry  AI.,  Dodd  KW,  Fuller 
WA.  1996.  A  semiparametric  transformation  approach  to  estimating  usual  daily  intake 


10th 

25th 

50th 

75th 

90th 

95th 

99th 

26.4 

30.7 

34.2 

39.3 

45.2 

49.1 

66.9 

34.3 

40.5 

46.9 

56.0 

68.5 

77.1 

99.7 

47.5 

55.1 

66.4 

80.4 

93.4 

107.0 

126.5 

63.3 

73.0 

84.8 

98.8 

113.3 

122.2 

139.7 

79.1 

92.8 

111.1 

136.2 

160.6 

172.5 

203.1 

98.7 

115.0 

139.3 

167.0 

195.6 

219.0 

263.1 

114.8 

131.7 

156.1 

184.3 

213.4 

233.6 

291.1 

103.0 

123.2 

147.8 

178.5 

209.4 

235.9 

286.4 

89.9 

106.3 

129.9 

156.6 

189.8 

215.9 

256.9 

79.2 

92.3 

112.1 

134.1 

157.5 

173.2 

222.2 

69.9 

78.2 

91.2 

105.0 

116.7 

124.1 

150.9 

62.3 

71.9 

87.3 

103.4 

119.0 

130.2 

159.3 

68.0 

81.7 

101.0 

122.7 

150.3 

159.5 

184.9 

72.5 

84.6 

100.2 

119.0 

136.9 

147.9 

178.4 

68.7 

80.6 

95.8 

112.5 

128.7 

142.5 

174.8 

61.7 

71.0 

84.6 

100.2 

115.1 

128.2 

160.1 

86.8 

97.4 

118.0 

146.8 

180.5 

186.1 

199.1 

101.4 

110.5 

131.6 

154.4 

168.4 

169.8 

203.5 

67.3 

84.6 

108.6 

139.5 

175.4 

197.8 

250.3 

67.4 

84.6 

108.5 

139.1 

175.0 

197.6 

250.4 

distributions.  J  Am  Stat  Assoc  91:1440-1449.  However,  intakes  from  supplements  are 
unadjusted,  so  the  day-to-day  variability  in  intakes  may  not  have  been  totally  removed 
from  the  data.  Standard  errors  were  not  available  for  this  data  set. 
flM  =  male,  F  =  female. 

SOURCE:  Iowa  State  University  Department  of  Statistics,  1999. 
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Dietary  Intake  Data  from  the 
Continuing  Survey  of  Food 
Intakes  by  Individuals  (CSFII), 
1994-1996 


TABLE  D-l  Mean  and  Percentiles  for  Usual  Intake  of 
Vitamin  C  (mg),  CSFII,  1994-1996 


Sex0  and  Age 

Number 
of  Persons 
Examined 

Selected  Percentiles 

Mean 

1st 

5th 

0  to  6  mo 

209 

85.5 

4.0 

15.0 

Standard  error 

4.6 

1.5 

4.4 

7  to  12  mo 

139 

114.1 

21.0 

41.0 

Standard  error 

5.2 

7.4 

7.9 

1  to  3  y 

1,908 

98.0 

23.0 

35.0 

Standard  error 

2.3 

1.3 

2.3 

4  to  8  y 

1,711 

96.5 

27.0 

40.0 

Standard  error 

2.0 

1.8 

1.9 

M,  9  to  13  y 

574 

107.1 

35.0 

49.0 

Standard  error 

5.0 

4.1 

4.3 

M,  14  to  18  y 

474 

119.2 

21.0 

35.0 

Standard  error 

7.2 

2.1 

2.7 

M,  19  to  30  y 

920 

118.6 

21.0 

35.0 

Standard  error 

5.7 

2.0 

2.6 

M,  31  to  50  y 

1,806 

105.7 

17.0 

29.0 

Standard  error 

3.7 

3.5 

4.2 

M,  51  to  70  y 

1,680 

107.8 

15.0 

28.0 

Standard  error 

2.2 

1.2 

1.5 

M, 71+  y 

722 

101.9 

10.0 

21.0 

Standard  error 

3.3 

1.6 

2.5 
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10th 

25th 

50th 

75th 

90th 

95th 

99th 

25.0 

46.0 

75.0 

112.0 

158.0 

192.0 

273.0 

3.4 

7.0 

4.9 

7.4 

16.7 

24.5 

31.2 

54.0 

77.0 

106.0 

141.0 

183.0 

215.0 

293.0 

v7.5 

6.5 

5.9 

6.9 

10.0 

14.2 

28.9 

44.0 

63.0 

90.0 

125.0 

162.0 

188.0 

,  245.0 

2.6 

2.2 

2.4 

3.0 

4.3 

5.9 

8.5 

49.0 

66.0 

90.0 

120.0 

153.0 

176.0 

227.0 

1.9 

1.8 

1.9 

2.5 

3.9 

5.2 

8.4 

58.0 

76.0 

100.0 

131.0 

165.0 

188.0 

239.0 

4.3 

4.4 

4.8 

6.3 

9.1 

11.6 

18.0 

46.0 

69.0 

104.0 

153.0 

211.0 

254.0 

351.0 

3.0 

4.0 

6.0 

9.7 

15.2 

19.7 

31.4 

46.0 

68.0 

104.0 

152.0 

211.0 

253.0 

352.0 

3.0 

3.9 

5.3 

7.3 

13.0 

19.9 

42.3 

39.0 

60.0 

92.0 

137.0 

191.0 

229.0 

313.0 

4.2 

3.5 

3.0 

5.7 

8.7 

10.9 

19.6 

37.0 

59.0 

93.0 

141.0 

197.0 

237.0 

329.0 

1.7 

1.9 

2.2 

2.8 

4.2 

5.6 

9.8 

31.0 

54.0 

89.0 

135.0 

189.0 

228.0 

320.0 

2.4 

2.5 

3.9 

4.7 

9.5 

9.8 

33.8 

continued 
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DIETARY  REFERENCE  INTAKES 


TABLE  D-l  Continued 


Sex"  and  Age 

Number 
of  Persons 
Examined 

Selected  Percentiles 

Mean  1st 

5th 

F,  9  to  13  y 

586 

93.8 

20.0 

32.0 

Standard  error 

3.9 

2.3 

2.7 

F,  14  to  18  y 

449 

91.2 

21.0 

32.0 

Standard  error 

5.1 

2.9 

3.4 

F,  19  to  30  y 

808 

85.1 

22.0 

33.0 

Standard  error 

3.6 

2.8 

3.0 

F,  31  to  50  y 

1,690 

86.0 

15.0 

26.0 

Standard  error 

2.3 

0.9 

1.1 

F,  51  to  70  y 

1 ,605 

97.1 

17.0 

28.0 

Standard  error 

11.2 

3.8 

1.6 

F,  71+ y 

670 

94.3 

15.0 

27.0 

Standard  error 

5.7 

2.9 

4.7 

F,  Pregnant 

80 

132.9 

27.0 

44.0 

Standard  error 

13.7 

9.5 

10.2 

F,  Lactating 

43 

134.2 

14.0 

29.0 

Standard  error 

21.9 

9.6 

12.8 

All  Individuals 

15,951 

99.7 

17.0 

29.0 

Standard  error 

1.3 

0.6 

1.6 

All  Individuals  (+P/L)  16,075 

100.1 

17.0 

29.0 

Standard  error 

1.3 

0.8 

1.5 

NOTE:  Estimated  mean  and  standard  deviation, 

and  selec 

ted  percentile 

■s  of  the  usual 

intake  distribution 

of  vitamin  C,  computed  using  intake 

from  food  sources  alone. 

Dietary  intake  data 

are  from  CSFII,  and  the  distribution  was 

adjusted  using  C-S1DE  and 

the  method  presented  in  Nusser  SM,  Carriquiry 

AL,  Dodd  KW,  Fuller 

WA.  1996.  A 

semiparametric  transformation  approach  to  estimating  usu? 

tl  daily  intake 

distributions. 

/  Am  Stat  A  .woe  91: 

1440-1449.  Data  correspondin 

ig  to  age 

groups  0-6  months,  7-12 
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10th 

25th 

50th 

75th 

90th 

95th 

41.0 

58.0 

85.0 

119.0 

158.0 

187.0 

2.9 

3.1 

3.6 

5.2 

8.3 

11.0 

40.0 

57.0 

82.0 

115.0 

154.0 

181.0 

3.5 

3.8 

4.6 

6.7 

10.7 

14.2 

40.0 

56.0 

78.0 

107.0 

139.0 

161.0 

3.0 

3.0 

3.3 

4.9 

7.8 

10.3 

33.0 

50.0 

76.0 

111.0 

152.0 

181.0 

1.2 

1.5 

2.1 

3.1 

4.7 

6.1 

36.0 

55.0 

86.0 

127.0 

173.0 

203.0 

1.7 

2.4 

6.8 

22.3 

32.9 

33.6 

36.0 

57.0 

86.0 

122.0 

162.0 

189.0 

4.2 

3.5 

8.8 

8.5 

6.6 

8.1 

56.0 

81.0 

119.0 

169.0 

228.0 

269.0 

10.4 

10.7 

12.6 

19.3 

30.8 

40.6 

40.0 

66.0 

111.0 

176.0 

258.0 

320.0 

14.5 

17.3 

21.1 

30.4 

50.8 

70.8 

38.0 

57.0 

87.0 

128.0 

177.0 

212.0 

1.4 

1.1 

2.3 

2.1 

5.9 

6.5 

38.0 

57.0 

88.0 

129.0 

178.0 

214.0 

1.4 

1.2 

2.4 

2.0 

5.6 

6.1 

months,  and  1-3  years  of  age  were  not  adjusted  because  no  replicate  vitz 
data  are  available  for  children  under  3  years. 
a  M  =  male;  F  =  female. 


SOURCE:  Iowa  State  University  Department  of  Statistics,  1999. 
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99th 


250.0 

18.5 
243.0 

23.6 
211.0 

16.7 
248.0 

9.8 

270.0 

26.3 

252.0 

22.7 
365.0 

66.1 

467.0 

128.0 

299.0 

6.7 

301.0 

7.4 
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DIETARY  REFERENCE  INTAKES 


TABLE  D-2  Mean  and  Percentiles  for  Usual  Intake  of 
Vitamin  E  (a-Tocopherol  Equivalents,  mg),  CSFII,  1994-1996 


Number  Selected  Percentiles 

of  Persons  - 


Sexa  and  Age 

Examined 

Mean 

1st 

5  th 

0  to  6  mo 

209 

10.7 

0.4 

1.5 

Standard  error 

0.5 

0.1 

0.3 

7  to  12  mo 

139 

10.3 

1.0 

2.8 

Standard  error 

0.6 

0.4 

0.4 

1  to  3  y 

1,908 

4.7 

1.9 

2.5 

Standard  error 

0.1 

0.1 

0.1 

4  to  8  y 

1,711 

5.8 

3.1 

3.7 

Standard  error 

0.1 

0.1 

0.1 

M,  9  to  13  y 

574 

8.1 

3.4 

4.4 

Standard  error 

0.4 

0.2 

0.2 

M,  14  to  18  y 

474 

9.3 

3.9 

5.1 

Standard  error 

0.3 

0.3 

0.3 

M,  19  to  30  y 

920 

10.3 

3.9 

5.1 

Standard  error 

0.3 

0.2 

0.3 

M,  31  to  50  y 

1,806 

10.2 

3.7 

4.9 

Standard  error 

0.3 

0.1 

0.1 

M,  51  to  70  y 

1,680 

9.6 

3.1 

4.4 

Standard  error 

0.3 

0.1 

0.1 

M, 71+  y 

722 

8.6 

2.2 

3.3 

Standard  error 

0.3 

0.1 

0.1 

F,  9  to  13  y 

586 

6.9 

3.3 

4.1 

Standard  error 

0.2 

0.2 

0.2 

F,  14  to  18  y 

449 

7.0 

3.7 

4.5 

Standard  error 

0.3 

0.6 

0.5 

F,  19  to  30  y 

808 

7.1 

3.2 

4.0 

Standard  error 

0.2 

0.2 

0.2 

F,  31  to  50  y 

1,690 

7.4 

2.8 

3.7 

Standard  error 

0.2 

0.1 

0.1 

F,  51  to  70  y 

1,605 

7.0 

2.4 

3.4 

Standard  error 

0.1 

0.1 

0.1 

F,  71+  y 

670 

6.4 

2.1 

2.9 

Standard  error 

0.2 

0.1 

0.1 

F,  Pregnant 

80 

7.8 

3.9 

4.7 

Standard  error 

0.7 

1.1 

0.9 

F,  Lactating 

43 

9.1 

3.5 

4.5 

Standard  error 

1.1 

1.0 

1.0 

All  Individuals 

15,951 

8.1 

2.4 

3.5 

Standard  error 

0.1 

0.1 

0.1 

All  Individuals  (+P/L) 

16,075 

8.1 

2.4 

3.5 

Standard  error 

0.1 

0.1 

0.1 

NOTE:  Estimated  mean  and  standard  deviation,  and  selected  percentiles  of  the  usual 
intake  distribution  of  vitamin  E,  computed  using  intake  from  food  sources  alone. 
Dietary  intake  data  are  from  CSFII,  and  the  distribution  was  adjusted  using  C-SIDE  and 
the  method  presented  in  Nusser  SM,  Carriquiry  AL,  Dodd  KW,  Fuller  WA.  1996.  A 
semiparametric  transformation  approach  to  estimating  usual  daily  intake  distributions. 
J  Am  Slat  Assoc  91:1440-1449.  Data  corresponding  to  age  groups  0-6  months,  7-12 
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10th 

25th 

50th 

75th 

90th 

95th 

3.1 

6.7 

10.5 

14.2 

18.3 

21.1 

0.4 

0.6 

0.7 

0.6 

0.9 

1.4 

4.0 

6.4 

9.7 

13.5 

17.3 

19.8 

0.5 

0.5 

0.6 

0.8 

1.1 

1.3 

2.8 

3.5 

4.4 

5.6 

7.0 

8.1 

0.1 

0.1 

0.1 

0.1 

0.2 

0.3 

4.0 

4.7 

5.6 

6.7 

7.9 

8.7 

0.1 

0.1 

0.1 

0.1 

0.2 

0.3 

4.9 

6.0 

7.5 

9.5 

11.9 

13.8 

0.2 

0.3 

0.3 

0.5 

0.8 

1.2 

5.8 

7.2 

8.9 

11.0 

13.2 

14.8 

0.3 

0.3 

0.3 

0.3 

0.4 

0.5 

5.9 

7.4 

9.5 

12.3 

15.5 

17.9 

0.3 

0.3 

0.3 

0.5 

1.0 

1.4 

5.7 

7.2 

9.3 

12.2 

15.7 

18.4 

0.1 

0.1 

0.2 

0.3 

0.6 

1.0 

5.1 

6.6 

8.7 

11.5 

15.0 

17.7 

0.1 

0.1 

0.2 

0.3 

0.6 

0.9 

4.1 

5.5 

7.5 

10.4 

14.3 

17.6 

0.1 

0.1 

0.2 

0.3 

0.8 

1.3 

4.5 

5.4 

6.6 

8.0 

9.7 

11.0 

0.2 

0.2 

0.2 

0.3 

0.5 

0.7 

4.9 

5.8 

6.9 

8.1 

9.4 

10.2 

0.4 

0.3 

0.3 

0.4 

0.8 

1.1 

4.5 

5.5 

6.7 

8.3 

10.0 

11.2 

0.2 

0.2 

0.2 

0.3 

0.5 

0.6 

4.3 

5.3 

6.8 

8.8 

11.1 

12.8 

0.1 

0.1 

0.1 

0.2 

0.4 

0.6 

3.9 

5.1 

6.5 

8.4 

10.6 

12.3 

0.1 

0.1 

0.1 

0.2 

0.3 

0.4 

3.4 

4.4 

5.8 

7.7 

10.0 

11.9 

0.1 

0.1 

0.2 

0.3 

0.5 

0.8 

5.3 

6.3 

7.5 

9.0 

10.6 

11.6 

0.8 

0.6 

0.6 

1.0 

1.7 

2.2 

5.2 

6.5 

8.4 

10.9 

13.8 

15.9 

1.0 

1.0 

1.0 

1.5 

2.5 

3.4 

4.1 

5.4 

7.2 

9.7 

13.0 

15.6 

0.1 

0.1 

0.1 

0.1 

0.7 

0.9 

4.1 

5.4 

7.2 

9.7 

13.0 

15.6 

0.1 

0.1 

0.1 

0.1 

0.7 

0.9 

months,  and  1-3  years  of  age  were  not  adjusted  because  no  replicate 
data  are  available  for  children  under  3  years. 
a  M  =  male;  F  =  female. 

SOURCE:  Iowa  State  University  Department  of  Statistics,  1999. 
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99th 


26.7 

2.1 

24.8 
2.0 

10.8 
0.6 

10.5 

0.5 

18.4 

2.8 

18.3 
0.9 

23.7 

2.9 

25.4 

2.2 

25.0 

1.9 

26.9 
3.0 

14.0 

1.3 
12.1 

1.8 

14.0 

1.0 

17.2 
1.1 

16.3 
0.8 

17.0 

1.7 

13.7 

3.3 

20.9 

6.0 

22.3 
0.9 

22.3 

0.9 


E  intake 


E 

Canadian  Dietary  Intake  Data, 
1993,  1995 


TABLE  E-l  Dietary  Vitamin  C  Intake  (mg)  of  Adults  Aged 
19-74  Years:  Mean  and  Selected  Percentiles,  Nova  Scotia  and 
Quebec,  Canada 


Sexa  and  Age,  y 

Number  of 
Respondents 

Selected  Percentiles 

Mean 

5th 

M,  19-30 

536 

123 

32.0 

Standard  error 

3.3 

M,  31-50 

724 

96 

25.0 

Standard  error 

4.0 

M,  51-70 

663 

88 

23.0 

Standard  error 

4.6  ! 

M,  71-74 

149 

97 

18.0 

Standard  error 

3.1 

F,  19-30 

548 

105 

18.0 

Standard  error 

1.9 

F,  31-50 

826 

88 

16.0 

Standard  error 

1.6 

F,  51-70 

657 

105 

20.0 

Standard  error 

2.7 

F,  71-74 

148 

83 

19.0 

Standard  error 

7.6 

a  M  =  male,  F  =  female. 


SOURCE:  Nova  Scotia  Heart  Health  Program.  1993.  Report  of  the  Nova  Scotia  Nutrition 
Survey.  Nova  Scotia  Department  of  Health,  Health  and  Welfare  Canada;  Sante  Quebec. 
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10th 

25th 

50th 

75th 

90th 

95th 

99th 

42.0 

59.0 

83.0 

114.0 

143.0 

159.0 

210.0 

2.5 

1.7 

2.6 

3.2 

4.1 

5.6 

12.0 

37.0 

54.0 

74.0 

100.0 

120.0 

136.0 

162.0 

1.4 

2.3 

2.3 

2.7 

3.5 

4.8 

7.2 

35.0 

44.0 

66.0 

97.0 

127.0 

145.0 

234.0 

3.0 

2.2 

4.6 

4.8 

4.4 

9.3 

30.0 

22.0 

38.0 

72.0 

119.0 

182.0 

207.0 

273.0 

2.7 

5.8 

10.0 

18.0 

18.0 

26.0 

40.0 

25.0 

43.0 

74.0 

105.0 

139.0 

158.0 

210.0 

2.1 

1.9 

2.9 

3.5 

4.5 

7.2 

16.0 

21.0 

36.0 

61.0 

104.0 

152.0 

183.0 

238.0 

1.6 

1.9 

4.0 

4.4 

11.0 

7.7 

23.0 

27.0 

46.0 

83.0 

116.0 

158.0 

199.0 

279.0 

2.8 

3.5 

5.2 

6.9 

8.3 

16.0 

39.0 

27.0 

43.0 

70.0 

95.0 

115.0 

139.0 

198.0 

4.8 

4.4 

7.0 

5.2 

11.0 

22.0 

27.0 

1995.  Les  Quebecoises  et  les  Quebecois  Mangent-Ils  Mieux  ?  Rapport  de  VEnquete  Quebecoise  sur  la 
Nutrition,  1990.  Montreal:  Ministere  de  la  Sante  et  des  Services  Sociaux,  Gouvernement 
du  Quebec. 


F 

Serum  Values  from  the 
Third  National  Health  and 
Nutrition  Examination  Survey 
(NHANES  III),  1988-1994 


TABLE  F-l  Serum  Vitamin  C  (mg/dL)  of  Persons  Aged  4 
Years  and  Older:  Mean  and  Selected  Percentiles,  United 
States,  NHANES  III,  1988-1994 


Sex'1  and  Age,  y 

Number 
of  Persons 
Examined 

Selected  Percentiles 

Mean 

1st 

5th 

Both  sexes,  4-8 

1,216 

1.1 

0.8 

0.9 

Standard  error 

0.02 

0.17 

0.12 

M,  9-13 

1,019 

0.9 

0.2 

0.4 

Standard  error 

0.03 

0.03 

0.03 

M,  14-18 

789 

0.7 

0.1 

0.2 

Standard  error 

0.03 

0.03 

0.04 

M,  19-30 

1,715 

0.7 

0.07 

0.1 

Standard  error 

0.02 

0.007 

0.01 

M,  31-50 

2,314 

0.6 

0.05 

0.1 

Standard  error 

0.02 

0.006 

0.01 

M,  51-70 

1,836 

0.7 

0.07 

0.1 

Standard  error 

0.02 

0.007 

0.01 

M,  71+ 

1,150 

0.8 

0.06 

0.2 

Standard  error 

0.02 

0.008 

0.02 
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10th  25  th  50th  75  th  90th  95  th  99  th 


0.9  1.0  1.1  1.2  1.3  1.4  1.5 

0.09  0.05  0.02  0.05  0.10  0.13  0.21 

0.5  0.7  0.9  1.2  1.4  1.5  2.0 

0-03  0.03  0.03  0.03  0.04  0.06  0.14 

0.3  0.5  0.7  0.9  1.2  1.3  1.6 

0.03  0.03  0.04  0.03  0.03  0.04  0.20 

0.2  0.4  0.6  0.9  1.1  1.3  1.8 

0.01  0.02  0.02  0.02  0.03  0.07  0.19 

0.2  0.3  0.6  0.9  1.1  1.3  1.7 

0.01  0.02  0.02  0.02  0.04  0.07  0.11 

0.2  0.4  0.7  1.0  1.2  1.4  2.0 

0.01  0.02  0.02  0.02  0.04  0.05  0.10 

0.2  0.5  0.7  1.0  1.3  1.5  2.1 

0.02  0.03  0.02  0.03  0.04  0.06  0.18 


continued 
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TABLE  F-l  Continued 


Sexfl  and  Age,  y 

Number 
of  Persons 
Examined 

Selected  Percentiles 

Mean 

1st 

5th 

F,  9-13 

1,045 

1.0 

0.24 

0.4 

Standard  error 

0.03 

0.03 

0.03 

F,  14-18 

906 

0.9 

0.15 

0.3 

Standard  error 

0.04 

0.03 

0.03 

F,  19-30 

1 ,973 

0.7 

0.11 

0.2 

Standard  error 

0.02 

0.01 

0.03 

F,  31-50 

2,778 

0.8 

0.09 

0.2 

Standard  error 

0.02 

0.009 

0.01 

F,  51-70 

1,907 

0.9 

0.12 

0.3 

Standard  error 

0.03 

0.01 

0.02 

F,  71  + 

1,251 

1.0 

0.14 

0.3 

Standard  error 

0.02 

0.02 

0.02 

All  individuals 

19,899 

0.8 

0.09 

0.2 

Standard  error 

0.01 

0.006 

0.01 

a  M  =  male,  F  =  female. 

SOURCE:  Iowa  State  University  Department  of  Statistics,  1999. 
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10th 

25th 

50th 

75th 

90th 

95th 

99th 

0.5 

0.8 

1.0 

1.2 

1.4 

1.5 

1.9 

0.03 

0.03 

0.04 

0.03 

0.05 

0.07 

0.18 

0.4 

0.6 

0.8 

1.1 

1.3 

1.5 

1.9 

0.03 

0.03 

0.03 

0.04 

0.06 

0.07 

0.10 

0.3 

0.5 

0.7 

1.0 

1.2 

1.3 

1.7 

0.03 

0.03 

0.05 

0.05 

0.05 

0.05 

0.11 

0.3 

0.5 

0.7 

1.0 

1.2 

1.4 

1.8 

0.02 

0.02 

0.01 

0.02 

0.03 

0.04 

0.06 

0.4 

0.6 

0.9 

1.1 

1.4 

1.6 

2.0 

0.02 

0.03 

0.03 

0.03 

0.04 

0.06 

0.10 

0.5 

0.7 

1.0 

1.3 

1.5 

1.7 

2.2 

0.02 

0.03 

0.02 

0.02 

0.03 

0.05 

0.07 

0.3 

0.5 

0.8 

1.0 

1.3 

1.5 

1.9 

0.01 

0.01 

0.01 

0.02 

0.02 

0.04 

0.07 
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TABLE  F-2  Serum  Vitamin  E  (pg/dL)  of  Persons  Aged  4 
Years  and  Older:  Mean  and  Selected  Percentiles,  United 
States,  NHANES  III,  1988-1994 


Sex0  and  Age,  y 

Number 
of  Persons 
Examined 

Selected  Percentiles 

Mean 

1st 

5th 

Both  sexes,  4-8 

2,835 

814 

542 

611 

Standard  error 

7.3 

12.0 

8.9 

M,  9-13 

1,072 

790 

507 

571 

Standard  error 

7.9 

8.0 

6.1 

M,  14-18 

816 

739 

459 

522 

Standard  error 

9.1 

12.9 

7.3 

M,  19-30 

1,782 

894 

498 

594 

Standard  error 

10.3 

17.5 

10.0 

M,  31-50 

2,391 

1,128 

563 

675 

Standard  error 

13.9 

11.0 

9.0 

M,  51-70 

1,895 

1,294 

567 

739 

Standard  error 

18.2 

29.1 

52.4 

M,  71+ 

1,193 

1,303 

609 

724 

Standard  error 

30.9 

20.6 

10.7 

F,  9-13 

1,094 

795 

487 

563 

Standard  error 

11.3 

10.3 

8.0 

F,  14-18 

937 

810 

481 

548 

Standard  error 

10.5 

20.8 

15.0 

F,  19-30 

2,028 

932 

524 

618 

Standard  error 

9.5 

11.4 

7.9 

F,  31-50 

2,839 

1,074 

589 

686 

Standard  error 

10.3 

8.14 

6.4 

F,  51-70 

1,957 

1,424 

625 

793 

Standard  error 

25.7 

32.3 

24.6 

F,  71+ 

1,290 

1,489 

640 

834 

Standard  error 

19.2 

74.6 

37.4 

All  individuals 

22,129 

1,071 

534 

618 

Standard  error 

6.6 

16.1 

6.5 

a  M  =  male,  F  =  female. 

SOURCE:  Iowa  State  University  Department  of  Statistics,  1999. 
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10th 

25th 

50th 

75th 

90th 

95th 

648 

713 

793 

890 

1,004 

1,089 

7.8 

6.6 

6.7 

9.3 

16.2 

23.4 

609 

679 

771 

880 

995 

1,073 

6.0 

7.2 

9.0 

10.3 

12.6 

15.6 

558 

624 

710 

821 

956 

1,058 

7.8 

8.9 

7.9 

13.4 

18.7 

24.6 

648 

741 

853 

996 

1,185 

1,335 

7.9 

7.9 

9.7 

15.0 

22.5 

32.8 

746 

885 

1,062 

1,269 

1,551 

1,815 

9.7 

10.2 

11.4 

18.2 

30.2 

45.1 

833 

985 

1,117 

1,465 

1,878 

2,232 

30.7 

36.0 

15.7 

44.9 

85.3 

149.0 

796 

940 

1,157 

1,489 

1,967 

2,375 

12.3 

16.8 

19.0 

33.0 

64.0 

119.0 

606 

678 

765 

875 

1,018 

1,129 

7.9 

8.3 

9.5 

14.0 

22.1 

30.8 

592 

678 

786 

902 

1,041 

1,159 

17.8 

12.3 

25.6 

17.0 

46.2 

43.7 

671 

765 

880 

1,036 

1,248 

1,422 

7.5 

6.7 

10.0 

11.2 

29.9 

40.4 

745 

856 

1,007 

1,207 

1,470 

1,691 

6.8 

7.8 

9.7 

12.7 

20.1 

32.7 

890 

1,058 

1,279 

1,597 

2,078 

2,534 

14.0 

20.7 

16.7 

28.8 

54.0 

99.2 

946 

1,138 

1,373 

1,696 

2,156 

2,543 

20.8 

16.0 

18.2 

23.0 

41.5 

73.1 

681 

795 

969 

1,220 

1,554 

1,847 

3.9 

4.5 

6.0 

9.9 

13.5 

23.2 
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99th 

1,294 

49.6 
1,238 

25.8 

1,298 

57.7 
1,710 

75.8 
2,598 

139.0 

3,196 

262.0 

3,486 

361.0 

1,401 

61.1 

1,479 

174.0 

1,863 

72.1 

2,276 

96.0 

3,923 

358.0 

3,539 

198.0 

2,707 

69.5 
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TABLE  F-3  Serum  Selenium  (pg/dL)  of  Persons  Aged  4  Years 
and  Older:  Mean  and  Selected  Percentiles,  United  States, 
NHANES  III,  1988-1994 


Number 
of  Persons 
Examined 

Selected  Percentiles 

Sexfl  and  Age,  y 

Mean 

1st 

5th 

Both  sexes,  4-8 
Standard  error 

M,  9-13 

344 

11.81 

9.19 

9.99 

Standard  error 

0.16 

0.11 

0.16 

M,  14-18 

799 

12.28 

9.92 

10.51 

Standard  error 

0.11 

0.13 

011 

M,  19-30 

1,751 

12.55 

9.84 

10.62 

Standard  error 

0.11 

0.11 

0.09 

M,  31-50 

2,365 

12.73 

9.78 

10.68 

Standard  error 

0.08 

0.13 

0.07 

M,  51-70 

1,869 

12.69 

9.69 

10.53 

Standard  error 

0.11 

0.22 

0.09 

M,  71  + 

1,156 

12.54 

9.20 

10.10 

Standard  error 

0.11 

0.13 

0.11 

F,  9-13 

390 

11.55 

9.14 

9.75 

Standard  error 

0.13 

0.17 

0.14 

F,  14-18 

926 

12.17 

9.33 

10.02 

Standard  error 

0.10 

0.11 

0.09 

F,  19-30 

2,016 

12.36 

9.50 

10.24 

Standard  error 

0.11 

0.19 

0.06 

F,  31-50 

2,817 

12.25 

9.61 

10.35 

Standard  error 

0.07 

0.08 

0.07 

F,  51-70 

1,936 

12.52 

9.48 

10.37 

Standard  error 

0.09 

0.22 

0.09 

F,  71  + 

1,261 

12.45 

9.12 

10.15 

Standard  error 

0.10 

0.35 

0.13 

All  individuals 

17,630 

12.45 

9.51 

10.36 

Standard  error 

0.08 

0.07 

0.07 

flM  =  male,  F  =  female. 


SOURCE:  Iowa  State  University  Department  of  Statistics,  1999. 
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10th 

25th 

50th 

75th 

90th 

95th 

10.41 

11.07 

11.78 

12.51 

13.25 

13.73 

0.18 

0.15 

0.13 

0.17 

0.32 

0.37 

10.85 

11.45 

12.19 

13.01 

13.83 

14.35 

0.09 

0.09 

0.10 

0.13 

0.18 

0.23 

11.03 

11.71 

12.47 

13.30 

14.17 

14.76 

0.08 

0.08 

0.10 

0.13 

0.16 

0.19 

11.12 

11.82 

12.63 

13.51 

14.44 

15.12 

0.06 

0.07 

0.07 

0.11 

0.15 

0.19 

10.99 

11.74 

12.60 

13.53 

14.50 

15.16 

0.12 

0.14 

0.10 

0.17 

0.20 

0.23 

10.60 

11.50 

12.50 

13.50 

14.50 

15.10 

0.10 

0.11 

0.13 

0.13 

0.14 

0.16 

10.07 

10.64 

11.47 

12.33 

12.99 

13.54 

0.11 

0.09 

0.11 

0.15 

0.19 

0.30 

10.42 

11.14 

12.04 

13.06 

14.09 

14.76 

0.08 

0.08 

0.09 

0.12 

0.17 

0.21 

10.65 

11.38 

12.25 

13.22 

14.22 

14.88 

0.08 

0.09 

0.11 

0.18 

0.21 

0.22 

10.75 

11.41 

12.17 

12.99 

13.85 

14.43 

0.07 

0.07 

0.07 

0.07 

0.09 

0.10 

10.84 

11.61 

12.46 

13.35 

14.25 

14.85 

0.08 

0.08 

0.09 

0.14 

0.13 

0.13 

10.67 

11.51 

12.41 

13.35 

14.28 

14.90 

0.16 

0.17 

0.11 

0.17 

0.16 

0.14 

10.80 

11.52 

12.37 

13.27 

14.19 

14.82 

0.06 

0.06 

0.07 

0.09 

0.12 

0.14 
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99th 


14. 73 
0.38 
15.41 
0.34 
16.03 
0.30 
16.79 
0.36 
16.56 
0.55 
16.30 
0.22 
15.40 
0.92 
16.13 
0.31 
16.27 
0.44 
15.67 
0.16 
16.11 
0.39 
16.17 
0.48 
16.26 
0.19 
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TABLE  F-4  Serum  fi-Carotene  (pg/dL)  of  Persons  Aged  4 
Years  and  Older:  Mean  and  Selected  Percentiles,  United 
States,  NHANES  III,  1988-1994 


Sex®  and  Age,  y 

Number 
of  Persons 
Examined 

Selected  Percentiles  | 

Mean 

1st 

5th 

Both  sexes,  4-8 

2,834 

18.7 

6.0 

8.2 

Standard  error 

0.3 

0.5 

0.2 

M,  9-13 

1,072 

16.7 

4.5 

6.3 

Standard  error 

0.6 

0.2 

0.3 

M,  14-18 

816 

12.4 

3.8 

5.1 

Standard  error 

0.4 

0.2 

0.3 

M,  19-30 

1,782 

12.9 

2.4 

4.0 

Standard  error 

0.5 

0.2 

0.2 

M,  31-50 

2,388 

16.2 

2.2 

4.1 

Standard  error 

0.5 

0.1 

0.2 

M,  51-70 

1,892 

19.5 

2.3 

4.7 

Standard  error 

0.6 

0.2 

0.4 

M,  71  + 

1,193 

23.4 

3.3 

5.7 

Standard  error 

0.9 

0.5 

0.2 

F,  9-13 

1,094 

15.7 

5.0 

6.7 

Standard  error 

0.4 

0.2 

0.2 

F,  14-18 

937 

14.3 

4.3 

5.6 

Standard  error 

0.6 

0.2 

0.2 

F,  19-30 

2,028 

15.0 

2.7 

4.6 

Standard  error 

0.4 

0.2 

0.1 

F,  31-50 

2,839 

21.7 

3.2 

5.7 

Standard  error 

0.5 

0.2 

0.2 

F,  51-70 

1,955 

26.4 

3.7 

6.4 

Standard  error 

0.8 

0.4 

0.3 

F,  71+ 

1,289 

31.1 

5.4 

8.4 

Standard  error 

1.0 

0.4 

0.4 

All  individuals 

22,119 

18.9 

3.0 

5.2 

Standard  error 

0.3 

0.1 

0.1 

flM  =  male,  F  =  female. 


SOURCE:  Iowa  State  University  Department  of  Statistics,  1999. 
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10th 

25th 

50th 

75th 

90th 

95th 

9.5 

12.4 

16.6 

22.5 

30.1 

36.2 

0.3 

0.4 

0.3 

0.9 

0.9 

1.2 

7.7 

10.6 

14.7 

19.9 

27.0 

33.5 

0.3 

0.4 

0.4 

0.5 

1.5 

2.7 

5.9 

7.7 

10.8 

15.1 

20.0 

24.4 

0.3 

0.4 

0.4 

0.5 

1.2 

2.3 

5.0 

6.9 

9.8 

15.3 

24.3 

32.2 

0.1 

0.3 

0.2 

0.5 

1.3 

2.0 

5.3 

7.9 

12.4 

19.5 

29.7 

39.7 

0.2 

0.2 

0.3 

0.5 

1.0 

1.8 

6.3 

9.6 

15.3 

24.1 

35.9 

46.8 

0.3 

0.4 

0.4 

0.8 

1.9 

3.5 

7.6 

11.6 

18.0 

28.1 

44.1 

59.2 

0.3 

0.6 

0.6 

1.8 

2.4 

3.7 

7.9 

10.4 

14.1 

19.2 

25.5 

30.2 

0.2 

0.3 

0.4 

0.5 

0.7 

0.9 

6.4 

8.4 

11.7 

17.2 

25.0 

31.6 

0.2 

0.2 

0.3 

0.7 

1.5 

2.4 

5.7 

7.9 

12.0 

18.6 

27.0 

34.5 

0.1 

0.2 

0.3 

0.5 

0.9 

1.4 

7.4 

11.0 

17.2 

26.8 

39.6 

51.4 

0.2 

0.3 

0.4 

0.6 

1.1 

1.9 

8.5 

13.1 

20.6 

32.3 

49.9 

65.8 

0.4 

0.6 

0.6 

1.7 

1.9 

3.4 

10.6 

15.7 

24.5 

38.7 

58.8 

75.8 

0.4 

0.5 

0.7 

1.2 

2.4 

3.8 

6.4 

9.4 

14.7 

22.8 

35.1 

46.2 

0.1 

0.1 

0.2 

0.4 

0.5 

0.8 
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99th 

51.8 

6.4 

53.5 

7.4 

39.7 

5.5 

54.3 

5.2 

76.1 
7.0 

84.4 

7.9 

106.1 

17.9 

41.7 

1.7 

50.0 

5.6 

59.7 

4.1 

90.8 

6.3 
112.9 

18.2 

122.7 

8.9 

82.6 

2.7 
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TABLE  F-5  Serum  a-Carotene  (pg/dL)  of  Persons  Aged  4 
Years  and  Older:  Mean  and  Selected  Percentiles,  United 
States,  NHANES  III,  1988-1994 


Sexfl  and  Age,  y 

Number 
of  Persons 
Examined 

Selected  Percentiles 

Mean 

1st 

5th 

Both  sexes,  4-8 

2,826 

4.26 

0.90 

1.10 

Standard  error 

0.12 

0.03 

0.07 

M,  9-13 

1,062 

4.08 

0.92 

1.09 

Standard  error 

0.34 

0.03 

0.06 

M,  14-18 

805 

2.81 

0.67 

0.88 

Standard  error 

0.17 

0.02 

0.01 

M,  19-30 

1,747 

3.23 

0.90 

0.99 

Standard  error 

0.14 

0.01 

0.06 

M,  31-50 

2,342 

4.34 

0.92 

1.03 

Standard  error 

0.18 

0.01 

0.04 

M,  51-70 

1,856 

4.75 

0.93 

1.05 

Standard  error 

0.14 

0.01 

0.04 

M,  71  + 

1,175 

4.79 

0.96 

1.12 

Standard  error 

0.15 

0.02 

0.02 

F,  9-13 

1,087 

3.66 

0.60 

1.00 

Standard  error 

0.17 

0.02 

0.03 

F,  14-18 

626 

3.12 

0.90 

0.99 

Standard  error 

0.2 

0.01 

0.03 

F,  19-30 

996 

3.44 

0.65 

0.89 

Standard  error 

0.20 

0.03 

0.01 

F,  31-50 

2,375 

5.37 

0.70 

1.10 

Standard  error 

0.21 

0.03 

0.04 

F,  51-70 

1,938 

6.01 

1.00 

1.20 

Standard  error 

0.22 

0.02 

0.03 

F,  71+ 

1,279 

6.38 

1.00 

1.50 

Standard  error 

0.20 

0.02 

0.08 

Pregnant 

186 

4.47 

0.57 

1.09 

Standard  error 

0.45 

0.73 

0.56 

Lactating 

90 

5.99 

0.90 

1.70 

Standard  error 

0.52 

0.29 

0.37 

All  individuals 

20,114 

4.59 

0.60 

1.00 

Standard  error 

0.1 

0.02 

0.03 

All  individuals  (+P/L) 

20,386 

4.59 

0.60 

1.00 

Standard  error 

0.1 

0.02 

0.03 

a  M  =  male,  F  =  female. 


SOURCE:  Iowa  State  University  Department  of  Statistics,  1999. 


APPENDIX  F 


451 


10th 

25th 

50th 

75th 

90th 

95th 

99th 

1.40 

2.40 

3.70 

5.30 

7.50 

9.50 

14.90 

0.11 

0.11 

0.11 

0.16 

0.29 

0.5 

0.89 

1.17 

2.13 

3.20 

4.87 

7.29 

9.36 

19.12 

0.05 

0.32 

0.31 

0.29 

0.75 

1.11 

4.52 

1.01 

1.34 

1.99 

3.26 

5.43 

7.46 

13.63 

0.03 

0.06 

0.12 

0.21 

0.38 

0.59 

1.39 

1.09 

1.22 

2.46 

4.17 

6.26 

8.02 

13.97 

0.04 

0.03 

0.16 

0.13 

0.39 

0.61 

1.57 

1.15 

2.09 

3.50 

5.29 

8.01 

10.25 

20.17 

0.04 

0.37 

0.14 

0.24 

0.42 

0.59 

2.80 

1.25 

2.28 

3.89 

5.98 

9.05 

11.67 

18.59 

0.04 

0.13 

0.12 

0.17 

0.35 

0.51 

1.23 

1.25 

2.71 

4.07 

5.93 

8.78 

11.27 

17.68 

0.08 

0.12 

0.12 

0.19 

0.56 

0.69 

1.04 

1.30 

1.90 

2.90 

4.60 

6.90 

8.80 

13.80 

0.05 

0.08 

0.14 

0.22 

0.4 

0.58 

1.18 

1.07 

1.24 

2.41 

4.09 

5.84 

7.14 

11.94 

0.03 

0.1 

0.39 

0.34 

0.31 

0.93 

1.67 

1.05 

1.45 

2.26 

3.94 

6.93 

9.85 

19.23 

0.03 

0.07 

0.14 

0.23 

0.48 

0.83 

2.40 

1.50 

2.30 

3.90 

6.60 

10.80 

14.50 

25.20 

0.05 

0.08 

0.14 

0.24 

0.49 

0.79 

1.87 

1.60 

3.30 

4.90 

7.50 

11.10 

14.40 

23.10 

0.19 

0.12 

0.18 

0.31 

0.58 

0.63 

1.44 

2.20 

3.50 

5.20 

7.70 

11.60 

14.90 

25.30 

0.12 

0.11 

0.13 

0.24 

0.46 

0.71 

2.10 

1.12 

1.5 

3.42 

6.21 

9 

10.22 

18.89 

0.24 

0.77 

0.75 

1.05 

1.95 

3.89 

9.01 

2.40 

3.60 

5.50 

7.80 

10.30 

12.10 

15.80 

0.41 

0.45 

0.58 

1.08 

1.13 

0.73 

2.56 

1.30 

2.00 

3.40 

5.70 

9.20 

12.30 

20.60 

0.04 

0.06 

0.1 

0.13 

0.21 

0.32 

0.74 

1.30 

2.00 

3.40 

5.70 

9.20 

12.30 

20.70 

0.04 

0.06 

0.09 

0.13 

0.21 

0.3 

0.65 
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TABLE  F-6  Serum  p-Cryptoxanthin  (pg/dL)  of  Persons  Aged 
4  Years  and  Older:  Mean  and  Selected  Percentiles,  United 
States,  NHANES  III,  1988-1994 


Sexfl  and  Age,  y 

Number 
of  Persons 
Examined 

Selected  Percentiles 

Mean 

1st 

5th 

Both  sexes,  4-8 

2,834 

11.58 

4.10 

5.40 

Standard  error 

0.17 

0.26 

0.31 

M,  9-13 

1,072 

10.89 

3.00 

4.40 

Standard  error 

0.31 

0.57 

0.24 

M,  14-18 

816 

8.76 

2.80 

3.70 

Standard  error 

0.25 

0.2 

0.17 

M,  19-30 

1,782 

8.70 

2.40 

3.50 

Standard  error 

0.24 

0.19 

0.10 

M,  31-50 

2,389 

8.54 

1.60 

3.00 

Standard  error 

0.17 

0.14 

0.17 

M, 51-70 

1,893 

8.83 

1.60 

2.90 

Standard  error 

0.21 

0.14 

0.14 

M,  71+ 

1,193 

8.58 

1.40 

2.60  ; 

Standard  error 

0.2 

0.13 

0.15 

F,  9-13 

1,094 

10.51 

3.80 

4.90 

Standard  error 

0.29 

0.18 

0.17 

F,  14-18 

632 

9.12 

3.40 

4.20 

Standard  error 

0.39 

0.17 

0.17 

F,  19-30 

1,019 

7.33 

2.11 

3.41 

Standard  error 

0.21 

0.35 

0.14 

F,  31-50 

2,407 

8.84 

2.10 

3.30 

Standard  error 

0.21 

0.13 

0.11 

F,  51-70 

1,954 

10.25 

2.20 

3.30 

Standard  error 

0.27 

0.16 

0.13 

F,  71  + 

1,287 

11.38 

2.10 

3.40 

Standard  error 

0.45 

0.20 

0.19 

Pregnant 

188 

10.67 

2.80 

3.80 

Standard  error 

1.08 

0.37 

0.35 

Lactating 

90 

9.74 

3.90 

4.90 

Standard  error 

0.82 

0.58 

0.4 

All  individuals 

20,372 

9.35 

2.20 

3.30 

Standard  error 

0.13 

0.07 

0.07 

All  individuals  (+P/L) 

20,646 

9.36 

2.30 

3.30 

Standard  error 

0.14 

0.07 

0.07 

a  M  =  male,  F  =  female. 

SOURCE:  Iowa  State  University  Department  of  Statistics,  1999. 
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10th 

25th 

50th 

75th 

90th 

95th 

99th 

6.30 

8.00 

10.50 

13.90 

18.10 

21.40 

29.30 

0.35 

0.32 

0.32 

0.35 

0.50 

0.62 

1.44 

5.30 

7.00 

9.40 

13.30 

18.30 

22.10 

31.50 

0.45 

0.5 

0.48 

0.53 

1.08 

1.53 

4.25 

4.30 

5.60 

7.60 

10.60 

14.70 

17.90 

26.00 

0.15 

0.15 

0.22 

0.34 

0.59 

0.86 

1.78 

4.10 

5.30 

7.30 

10.40 

14.80 

18.60 

29.40 

0.12 

0.14 

0.16 

0.33 

0.53 

0.76 

1.96 

3.70 

5.10 

7.10 

10.40 

14.70 

18.60 

29.60 

0.24 

0.14 

0.16 

0.26 

0.38 

0.66 

1.77 

3.70 

5.00 

7.30 

10.90 

16.00 

19.90 

29.50 

0.15 

0.14 

0.22 

0.31 

0.54 

0.67 

1.65 

3.40 

4.80 

7.10 

10.70 

15.40 

19.40 

30.10 

0.16 

0.16 

0.23 

0.37 

0.50 

0.71 

2.00 

5.60 

7.10 

9.40 

12.70 

16.80 

19.90 

27.50 

0.18 

0.19 

0.24 

0.37 

0.62 

0.88 

1.65 

4.70 

5.90 

7.80 

10.80 

15.10 

18.60 

27.50 

0.18 

0.23 

0.32 

0.47 

0.81 

1.18 

2.40 

4.05 

4.90 

6.26 

8.46 

11.62 

14.38 

23.89 

0.12 

0.10 

0.14 

0.37 

0.37 

0.65 

1.67 

4.00 

5.30 

7.40 

10.70 

15.10 

19.00 

30.40 

0.1 

0.12 

0.15 

0.22 

0.49 

0.85 

2.57 

4.00 

5.70 

8.50 

12.80 

18.50 

23.00 

34.70 

0.16 

0.17 

0.24 

0.37 

0.68 

0.80 

2.81 

4.30 

6.30 

9.60 

14.40 

20.70 

25.50 

37.50 

0.19 

0.22 

0.38 

0.71 

0.99 

1.18 

1.86 

4.50 

6.10 

8.60 

12.90 

19.10 

24.30 

38.20 

0.38 

0.47 

0.71 

1.59 

2.72 

3.90 

8.76 

5.50 

6.70 

8.70 

11.60 

15.30 

18.20 

25.30 

0.50 

0.81 

0.73 

0.91 

1.47 

2.58 

6.68 

4.00 

5.50 

8.00 

11.60 

16.40 

20.10 

29.60 

0.07 

0.08 

0.10 

0.16 

0.28 

0.42 

0.85 

4.00 

5.50 

8.00 

11.60 

16.40 

20.10 

29.70 

0.07 

0.08 

0.11 

0.16 

0.28 

0.42 

0.86 
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TABLE  F-7  Serum  Lutein  and  Zeaxanthin  (pg/dL)  of  Persons 
Aged  4  Years  and  Older:  Mean  and  Selected  Percentiles, 
United  States,  NHANES  III,  1988-1994 


Sex°  and  Age,  y 

Number 
of  Persons 
Examined 

Selected  P 

Mean 

ercentiles 

1st 

5  th 

Both  sexes,  4-8 

2,835 

19.7 

8.6 

10.8 

Standard  error 

0.3 

0.3 

0.3 

M,  9-13 

1,072 

18.1 

7.9 

9.7 

Standard  error 

0.3 

0.4 

0.3 

M,  14-18 

816 

15.5 

5.8 

7.6 

Standard  error 

0.4 

0.4 

0.4 

M,  19-30 

1,782 

18.6 

6.6 

8.9 

Standard  error 

0.4 

0.3 

0.2 

M,  31-50 

2,391 

21.5 

7.2 

9.7 

Standard  error 

0.4 

0.3 

0.2 

M,  51-70 

1,894 

24.0 

6.9 

10.2 

Standard  error 

0.5 

0.4 

0.3 

M,  71+ 

1,193 

23.5 

7.4 

10.1 

Standard  error 

0.6 

0.3 

0.3 

F,  9-13 

1,094 

18.1 

8.0 

9.9 

Standard  error 

0.5 

0.3 

0.4 

F,  14-18 

937 

16.2 

6.6 

8.4 

Standard  error 

0.5 

0.5 

0.3 

F,  19-30 

2,028 

18.6 

7.3 

9.3 

Standard  error 

0.4 

0.2 

0.2 

F,  31-50 

2,839 

21.4 

7.2 

9.8 

Standard  error 

0.3 

0.2 

0.2 

F,  51-70 

1,956 

24.4 

7.2 

10.2 

Standard  error 

0.5 

0.7 

0.2 

F,  71  + 

1,289 

25.7 

7.8 

10.8 

Standard  error 

0.7 

0.3 

0.4 

All  individuals 

22,126 

20.9 

7.1 

9.6 

Standard  error 

0.3 

0.1 

0.1 

a  M  =  male,  F  =  female. 


SOURCE:  Iowa  State  University  Department  of  Statistics,  1999. 
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TABLE  F-8  Serum  Lycopene  (pg/dL)  of  Persons  Aged  4  Years 
and  Older:  Mean  and  Selected  Percentiles,  United  States, 
NHANES  III,  1988-1994 


Sexa  and  Age,  y 

Number 
of  Persons 
Examined 

Selected  Percentiles 

Mean 

1st 

5th 

Both  sexes,  4-8 

2,835 

23.3 

7.1 

10.7 

Standard  error 

0.3 

0.9 

0.5 

M,  9-13 

1,072 

25.0 

8.2 

12.3 

Standard  error 

0.6 

0.9 

0.6 

M,  14-18 

816 

25.3 

10.2 

13.5 

Standard  error 

0.4 

0.6 

0.4 

M,  19-30 

1,782 

26.8 

9.2 

13.3 

Standard  error 

0.5 

0.4 

0.4 

M,  31-50 

2,388 

26.0 

6.9 

11.3 

Standard  error 

0.4 

0.5 

0.5 

M,  51-70 

1,893 

22.0 

4.2 

7.7 

Standard  error 

0.4 

0.3 

0.3 

M,  71  + 

1,188 

15.5 

2.7 

4.7 

Standard  error 

0.4 

0.3 

0.2 

F,  9-13 

1,094 

24.4 

9.7 

12.6 

Standard  error 

0.5 

0.4 

0.4 

F,  14-18 

937 

23.4 

8.7 

11.9 

Standard  error 

0.4 

0.9 

0.7 

F,  19-30 

2,028 

24.8 

7.9 

11.7 

Standard  error 

0.4 

0.5 

0.3 

F,  31-50 

2,839 

22.9 

6.5 

10.0 

Standard  error 

0.3 

0.3 

0.3 

F,  51-70 

1 ,955 

20.9 

4.3 

7.4 

Standard  error 

0.4 

0.3 

0.3  1 

F,  71  + 

1,282 

17.0 

2.9 

5.2 

Standard  error 

0.4 

0.2 

0.3 

All  individuals 

22,109 

23.4 

5.6 

9.4 

Standard  error 

0.2 

0.2 

0.2 

a  M  =  male,  F  =  female. 


SOURCE:  Iowa  State  University  Department  of  Statistics,  1999. 


G 

Options  for  Dealing  with 
Uncertainties 


Methods  for  dealing  with  uncertainties  in  scientific  data  are  gen¬ 
erally  understood  by  working  scientists  and  require  no  special  dis¬ 
cussion  here  except  to  point  out  that  such  uncertainties  should  be 
explicitly  acknowledged  and  taken  into  account  whenever  a  risk 
assessment  is  undertaken.  More  subtle  and  difficult  problems  are 
created  by  uncertainties  associated  with  some  of  the  inferences  that 
must  be  made  in  the  absence  of  directly  applicable  data;  much  con¬ 
fusion  and  inconsistency  can  result  if  they  are  not  recognized  and 
dealt  with  in  advance  of  undertaking  a  risk  assessment. 

The  most  significant  inference  uncertainties  arise  in  risk  assess¬ 
ments  whenever  attempts  are  made  to  answer  the  following  ques¬ 
tions  (NRC,  1994): 

•  What  set  or  sets  of  hazard  and  dose-response  data  (for  a  given 
substance)  should  be  used  to  characterize  risk  in  the  population  of 
interest? 

•  If  animal  data  are  to  be  used  for  risk  characterization,  which 
endpoints  for  adverse  effects  should  be  considered? 

•  If  animal  data  are  to  be  used  for  risk  characterization,  what 
measure  of  dose  (e.g.,  dose  per  unit  body  weight,  body  surface,  or 
dietary  intake)  should  be  used  for  scaling  between  animals  and  hu¬ 
mans? 

•  What  is  the  expected  variability  in  dose-response  between  an¬ 
imals  and  humans? 

•  If  human  data  are  to  be  used  for  risk  characterization,  which 
adverse  effects  should  be  used? 


458 


APPENDIX  G 


459 


•  What  is  the  expected  variability  in  dose-response  among  mem¬ 
bers  of  the  human  population? 

•  How  should  data  from  subchronic  exposure  studies  be  used 
to  estimate  chronic  effects? 

•  How  should  problems  of  differences  in  route  of  exposure 
within  and  between  species  be  dealt  with? 

•  How  should  the  threshold  dose  be  estimated  for  the  human 
population? 

•  If  a  threshold  in  the  dose-response  relationship  seems  unlike¬ 
ly,  how  should  a  low-dose  risk  be  modeled? 

•  What  model  should  be  chosen  to  represent  the  distribution 
of  exposures  in  the  population  of  interest  when  data  relating  to 
exposures  are  limited? 

•  When  interspecies  extrapolations  are  required,  what  should 
be  assumed  about  relative  rates  of  absorption  from  the  gastrointes¬ 
tinal  tract  of  animals  and  of  humans? 

•  For  which  percentiles  on  the  distribution  of  population  expo¬ 
sures  should  risks  be  characterized? 

At  least  partial,  empirically  based  answers  to  some  of  these  ques¬ 
tions  may  be  available  for  some  of  the  nutrients  under  review,  but 
in  no  case  is  scientific  information  likely  to  be  sufficient  to  provide 
a  highly  certain  answer;  in  many  cases  there  will  be  no  relevant  data 
for  the  nutrient  in  question. 

It  should  be  recognized  that  for  several  of  these  questions,  certain 
inferences  have  been  widespread  for  long  periods  of  time;  thus,  it 
may  seem  unnecessary  to  raise  these  uncertainties  anew.  When  sev¬ 
eral  sets  of  animal  toxicology  data  are  available,  for  example,  and 
data  are  not  sufficient  for  identifying  the  set  (i.e.,  species,  strain, 
and  adverse  effects  endpoint)  that  best  predicts  human  response,  it 
has  become  traditional  to  select  that  set  in  which  toxic  responses 
occur  at  lowest  dose  (the  most  sensitive  set) .  In  the  absence  of  defin¬ 
itive  empirical  data  applicable  to  a  specific  case,  it  is  generally  as¬ 
sumed  that  there  will  not  be  more  than  a  ten-fold  variation  in  re¬ 
sponse  among  members  of  the  human  population.  In  the  absence 
of  absorption  data,  it  is  generally  assumed  that  humans  will  absorb 
the  chemical  at  the  same  rate  as  the  animal  species  used  to  model 
human  risk.  In  the  absence  of  complete  understanding  of  biological 
mechanisms,  it  is  generally  assumed  that,  except  possibly  for  certain 
carcinogens,  a  threshold  dose  must  be  exceeded  before  toxicity  is 
expressed.  These  types  of  long-standing  assumptions,  which  are  nec¬ 
essary  to  complete  a  risk  assessment,  are  recognized  by  risk  assessors 
as  attempts  to  deal  with  uncertainties  in  knowledge  (NRC,  1994). 
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A  past  National  Research  Council  (NRC)  report  (1983)  recom¬ 
mended  adoption  of  the  concepts  and  definitions  that  have  been 
discussed  in  this  report.  The  NRC  committee  recognized  that 
throughout  a  risk  assessment,  data  and  basic  knowledge  will  be  lack¬ 
ing  and  risk  assessors  will  be  faced  with  several  scientifically  plausi¬ 
ble  options  (called  inference  options  by  the  NRC)  for  dealing  with 
questions  such  as  those  presented  above.  For  example,  several  sci¬ 
entifically  supportable  options  for  dose  scaling  across  species  and 
for  high-  to  low-dose  extrapolation  will  exist,  but  there  will  be  no 
ready  means  to  identify  those  that  are  clearly  best  supported.  The 
NRC  committee  recommended  that  regulatory  agencies  in  the  Unit¬ 
ed  States  identify  the  needed  inference  options  in  risk  assessment 
and  specify,  through  written  risk  assessment  guidelines,  the  specific 
options  that  will  be  used  for  all  assessments.  Agencies  in  the  United 
States  have  identified  the  specific  models  to  be  used  to  fill  gaps  in 
data  and  knowledge;  these  have  come  to  be  called  default  options 
(EPA,  1986). 

The  use  of  defaults  to  fill  knowledge  and  data  gaps  in  risk  assess¬ 
ment  has  the  advantage  of  ensuring  consistency  in  approach  (the 
same  defaults  are  used  for  each  assessment)  and  minimizing  or  elim¬ 
inating  case-by-case  manipulations  in  the  conduct  of  risk  assessment 
to  meet  predetermined  risk  management  objectives.  The  major  dis¬ 
advantage  of  the  use  of  defaults  is  the  potential  for  displacement  of 
scientific  judgment  by  excessively  rigid  guidelines.  A  remedy  for 
this  disadvantage  was  also  suggested  by  the  NRC  committee:  risk 
assessors  should  be  allowed  to  replace  defaults  with  alternative  fac¬ 
tors  in  specific  cases  of  chemicals  for  which  relevant  scientific  data 
are  available  to  support  alternatives.  The  risk  assessors’  obligation 
in  such  cases  is  to  provide  explicit  justification  for  any  such  depar¬ 
ture.  Guidelines  for  risk  assessment  issued  by  the  U.S.  Environmen¬ 
tal  Protection  Agency  (EPA,  1986),  for  example,  specifically  allow 
for  such  departures. 

The  use  of  preselected  defaults  is  not  the  only  way  to  deal  with 
model  uncertainties.  Another  option  is  to  allow  risk  assessors  com¬ 
plete  freedom  to  pursue  whatever  approaches  they  judge  applica¬ 
ble  in  specific  cases.  Because  many  of  the  uncertainties  cannot  be 
resolved  scientifically,  case-by-case  judgments  without  some  guid¬ 
ance  on  how  to  deal  with  them  will  lead  to  difficulties  in  achieving 
scientific  consensus,  and  the  results  of  the  assessment  may  not  be 
credible. 

Another  option  for  dealing  with  uncertainties  is  to  allow  risk  as¬ 
sessors  to  develop  a  range  of  estimates  based  on  application  of  both 
defaults  and  alternative  inferences  that,  in  specific  cases,  have  some 
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degree  of  scientific  support.  Indeed,  appropriate  analysis  of  uncer¬ 
tainties  seems  to  require  such  a  presentation  of  risk  results.  Al¬ 
though  presenting  a  number  of  plausible  risk  estimates  has  the  ad¬ 
vantage  that  it  would  seem  to  more  faithfully  reflect  the  true  state  of 
scientific  understanding,  there  are  no  well-established  criteria  for 
using  such  complex  results  in  risk  management. 

The  various  approaches  to  dealing  with  uncertainties  inherent  in 
risk  assessment  are  summarized  in  Table  G-l. 

As  can  be  seen  in  the  chapters  on  each  nutrient,  specific  default 
assumptions  for  assessing  nutrient  risks  have  not  been  recommend¬ 
ed.  Rather,  the  approach  calls  for  case-by-case  judgments,  with  the 
recommendation  that  the  basis  for  the  choices  made  be  explicitly 
stated.  Some  general  guidelines  for  making  these  choices  are,  how¬ 
ever,  offered. 


TABLE  G-l  Approaches  for  Dealing  with  Uncertainties  in  a 
Risk  Assessment  Program 

Program  Model  Advantages  Disadvantages 


Case-by-case  judgments 
by  experts 


Written  guidelines 
specifying  defaults  for 
data  and  model 
uncertainties  (with 
allowance  for 
departures  in  specific 
cases) 

Presentation  of  full  array 
of  estimates  from  all 
scientifically  plausible 
models  by  assessors 


Flexibility;  high  potential 
to  maximize  use  of 
most  relevant  scientific 
information  bearing  on 
specific  issues 

Consistent  treatment  of 
different  issues; 
maximization  of 
transparency  of 
process;  resolution  of 
scientific  disagreements 
possible  by  resort  to 
defaults 

Maximization  of  use  of 
scientific  information; 
reasonably  reliable 
portrayal  of  true  state 
of  scientific 
understanding 


Potential  for  inconsistent 
treatment  of  different 
issues;  difficulty  in 
achieving  consensus; 
need  to  agree  on 
defaults 

Possible  difficulty  in 
justifying  departure  or 
achieving  consensus 
among  scientists  that 
departures  are  justified 
in  specific  cases;  danger 
that  uncertainties  will 
be  overlooked 

Highly  complex 
characterization  of 
risk,  with  no  easy  way 
to  discriminate  among 
estimates;  size  of 
required  effort  may 
not  be  commensurate 
with  utility  of  the 
outcome 
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H 

Glossary  and  Acronyms 


AAP 

American  Academy  of  Pediatrics 

ACE 

Angiotensin-converting  enzyme 

Action 

Demonstrated  effects  in  various  biological 
systems  that  may  or  may  not  have  physiological 
significance 

ADD 

Attention  deficit  disorder 

AGE 

Advanced  glycosylation  end  product 

AI 

Adequate  Intake 

AMD 

Age-related  macular  degeneration 

APTT 

Activated  partial  thromboplastin  times 

Association 

Potential  interactions  derived  from  epidemio¬ 
logical  studies  of  the  relationship  between 
specific  nutrients  and  chronic  disease 

ATBC 

Alpha-Tocopherol,  Beta-Carotene  (Cancer 
Prevention  Study) 

AUC 

Area  under  the  curve 

AVED 

Ataxia  and  vitamin  E  deficiency 

Bioavailability 

Accessibility  of  a  nutrient  to  participate  in 
unspecified  metabolic  and/ or  physiological 
processes 
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BMI 

Body  mass  index 

CARET 

Carotene  and  Retinol  Efficacy  Trial 

Carotenodermia 

Yellow  discoloration  of  the  skin  with  elevated 
plasma  carotene  concentrations 

oc-CEHC 

2 ,5 ,7, 8-te  tram  ethyl-2-  ( 2'-carboxye  thyl )  -6-hy- 
droxychroman 

y-CEHC 

2,7, 8-tr  ime  thyl-2-  ( 2'-carboxye  thyl )  -6-hydr  oxy- 
chroman 

CHAOS 

Cambridge  Heart  Antioxidant  Study 

CHD 

Coronary  heart  disease 

CLAS 

Cholesterol  Lowering  Atherosclerosis  Study 

CSFII 

Continuing  Survey  of  Food  Intakes  by  Individ¬ 
uals — a  survey  conducted  by  the  Agricultural 
Research  Service,  U.S.  Department  of  Agricul¬ 
ture 

CV 

Coefficient  of  variation:  mean  -f  standard 
deviation 

DDS 

Delayed  dermal  sensitivity 

DHA 

Dehydroascorbic  acid 

DNA 

Deoxyribonucleic  acid 

Dose-response 

Second  step  in  a  risk  assessment,  in  which  the 

assessment 

relationship  between  nutrient  intake  and 
adverse  effect  (in  terms  of  incidence  or  severi¬ 
ty  of  the  effect)  is  determined 

DRI 

Dietary  Reference  Intake 

DTH 

Delayed-type  hypersensitivity 

EAR 

Estimated  Average  Requirement 

F2-isoprostane 

Indicator  of  oxidative  lipid  damage  and  free- 
radical  generation 

FAO 

Food  and  Agriculture  Organization  of  the 
United  Nations 

Fore  milk 

Human  milk  collected  at  the  beginning  of  an 
infant  feeding 

APPENDIX  H 


465 


FOX 

FNB 

FT3 

Function 

GSH 
GSHPx 
GSSG 
Gun  blue 

h2o2 

Hazard 

identification 


HDL 

Hind  milk 

HIV 

HOC1 

HOPE 

HPLC 

IAEA 

ICAM-1 

IOM 

Kashin-Beck 

disease 

Keshan  disease 
LDL 


Ferrous  oxidation/xylenol  orange 
Food  and  Nutrition  Board 
Free  triiodothyronine 

Role  played  by  a  nutrient  in  growth,  develop¬ 
ment  and  maturation 

Reduced  glutathione 

Selenium-dependent  glutathione  peroxidases 
Oxidized  glutathione 

Lubricant  solution  containing  selenious  acid, 
nitric  acid,  and  copper  nitrate 

Hydrogen  peroxide 

First  step  in  a  risk  assessment,  which  is  con¬ 
cerned  with  the  collection,  organization,  and 
evaluation  of  all  information  pertaining  to  the 
toxic  properties  of  a  nutrient 

High-density  lipoprotein 

Human  milk  collected  at  the  end  of  an  infant 
feeding 

Human  immunodeficiency  virus 
Hypochlorous  acid 

Heart  Outcomes  Prevention  Evaluation 
High-performance  liquid  chromatography 
International  Atomic  Energy  Agency 
Intracellular  cell  adhesion  molecule 
Institute  of  Medicine 

Human  cartilage  disease  found  in  some  of  the 
low-selenium  intake  areas  in  Asia 

Human  cardiomyopathy  that  occurs  only  in 
selenium-deficient  children 

Low-density  lipoprotein 
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LOAEL 

LPL 

Lycopenodermia 

MHC 

MONICA  Project 

MPOD 

MUFA 

NADH 

NADPH 

NEC 

NHANES 


NHIS 

NO 

NOAEL 

NRC 

ORAC 

Oxidative  stress 


OxLDL 

8-OxodG 


Lowest-observed-adverse-effect  level — lowest 
intake  (or  experimental  dose)  of  a  nutrient  at 
which  an  adverse  effect  has  been  identified 

Lipoprotein  lipase 

Deep  orange  discoloration  of  the  skin  result¬ 
ing  from  high  intakes  of  lycopene-rich  food 

Major  histocompatibility  complex 

Monitoring  Trends  and  Determinants  in  Car¬ 
diovascular  Disease  Project 

Macular  pigment  optical  density 

Monounsaturated  fatty  acid 

Nicotinamide  adenine  dinucleotide 

Nicotinamide  adenine  dinucleotide  phosphate 

Necrotizing  enterocolitis 

National  Health  and  Nutrition  Examination 
Survey — survey  conducted  periodically  by  the 
National  Center  for  Health  Statistics  of  the 
Centers  for  Disease  Control  and  Prevention 

National  Health  Interview  Survey 

Nitric  oxide 

No-observed-adverse-effect  level — highest 
intake  (or  experimental  dose)  of  a  nutrient  at 
which  no  adverse  effect  has  been  observed 

National  Research  Council 

Oxygen  radical  absorbance  capacity 

Imbalance  between  the  production  of  various 
reactive  species  and  the  ability  of  the  organ¬ 
ism’s  natural  protective  mechanisms  to  cope 
with  these  reactive  compounds  and  prevent 
adverse  effects 

Oxidized  low-density  lipoprotein 

8-Oxo-7,8-dihydro-2'-deoxyguanosine — a  prod¬ 
uct  of  oxidative  DNA  damage 
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PHS 

Physicians’  Health  Study 

Provitamin  A 
carotenoids 

a-Carotene,  P-carotene,  and  P-cryptoxanthin 

PUFA 

Polyunsaturated  fatty  acid 

RBC 

Red  blood  cell 

RDA 

Recommended  Dietary  Allowance 

Risk  assessment 

Organized  framework  for  evaluating  scientific 
information,  which  has  as  its  objective  a  char¬ 
acterization  of  the  nature  and  likelihood  of 
harm  resulting  from  excess  human  exposure 
to  an  environmental  agent  (in  this  case,  a 
nutrient) ;  it  includes  the  development  of  both 
qualitative  and  quantitative  expressions  of  risk 

Risk 

characterization 

Final  step  in  a  risk  assessment,  which  summa¬ 
rizes  the  conclusions  from  steps  1  through  3  of 
the  risk  assessment  (hazard  identification, 
dose-response,  and  estimates  of  exposure)  and 
evaluates  the  risk;  this  step  also  includes  a 
characterization  of  the  degree  of  scientific 
confidence  that  can  be  placed  in  the  UL 

Risk  management 

Process  by  which  risk  assessment  results  are 
integrated  with  other  information  to  make 
decisions  about  the  need  for,  method  of,  and 
extent  of  risk  reduction;  in  addition,  risk  man¬ 
agement  considers  such  issues  as  the  public 
health  significance  of  the  risk,  the  technical 
feasibility  of  achieving  various  degrees  of  risk 
control,  and  the  economic  and  social  costs  of 
this  control 

RNA 

Ribonucleic  acid 

RNI 

Recommended  Nutrient  Intake 

RNS 

Reactive  nitrogen  species 

ROS 

Reactive  oxygen  species 

SD 

Standard  deviation 

SE 

Standard  error 
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Selenite  and 
selenate 

Selenomethionine 

and 

selenocysteine 

Selenosis 

SEM 

SOD 

TBARS 

TD 

oc-TE 

TEAC 

a-Tocopherol 

TRAP 

a-TTP 

UF 


UL 
USD  A 
USP 
VCAM-1 
Vitamin  E 

VLDL 

WHO 


Inorganic  selenium,  the  forms  found  in  many 
dietary  supplements 

Major  dietary  forms  of  selenium 


Selenium  toxicity  characterized  by  hair  loss 
and  nail  sloughing 

Standard  error  of  the  mean 

Superoxide  dismutase 

Thiobarbituric  acid  reactive  substances,  a 
nonspecific  measure  of  lipid  peroxidation 

Tardive  dyskinesia 

a-Tocopherol  equivalent 

Trolox  equivalent  antioxidant  capacity 

The  only  form  of  vitamin  E  that  is  maintained 
in  human  plasma  and  thus  it  is  the  only  form 
utilized  to  estimate  the  vitamin  E  requirement. 

Total  radical-trapping  antioxidant  capability 

a-Tocopherol  transfer  protein 

Uncertainty  factor — number  by  which  the 
NOAEL  (or  LOAEL)  is  divided  to  obtain  the 
UL;  the  size  of  the  UF  varies  depending  on  the 
confidence  in  the  data  and  the  nature  of  the 
adverse  effect 

Tolerable  Upper  Intake  Level 

U.S.  Department  of  Agriculture 

U.S.  Pharmacopeia 

Vascular  cell  adhesion  molecule 

The  2I?-stereoisomeric  forms  of  a-tocopherol 
(RKR-,  RSR- ,  RRS-,  and  i^SVa-tocopherol) 

Very  low  density  lipoproteins 

World  Health  Organization 
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research  interests  are  the  effects  of  food  processing  upon  nutrient 
retention,  the  metabolic  roles  of  vitamin  A  and  carotenoids,  and 
the  bioavailability  of  minerals  from  foods.  His  research  regarding 
soy  protein  has  extended  into  studies  on  the  impact  of  non-nutrient 
components  of  foods  such  as  phytoestrogens  on  chronic  disease. 
He  is  vice-chair  of  the  Standing  Committee  on  the  Scientific  Evalua¬ 
tion  of  Dietary  Reference  Intakes  and  a  former  member  of  the  Food 
and  Nutrition  Board’s  Committee  on  Opportunities  in  the  Nutri¬ 
tion  and  Food  Sciences;  the  Committee  on  the  Nutrition  Compo¬ 
nents  of  Food  Labeling;  and  the  Subcommittee  on  Bioavailability  of 
Nutrients  of  the  Committee  on  Animal  Nutrition,  Board  on  Agri¬ 
culture.  Dr.  Erdman  presently  serves  on  the  Scientific  Advisory 
Boards  of  the  Mars  Nutrition  Research  Council  and  the  United  Soy¬ 
bean  Board. 

JEAN-PIERRE  HABICHT,  M.D.,  Ph.D.,  is  professor  of  nutritional 
epidemiology  in  the  Division  of  Nutrition  Sciences  at  Cornell  Uni¬ 
versity.  His  professional  experience  includes  serving  as  special  assis¬ 
tant  to  the  director  of  the  Division  of  Health  Examination  Statistics 
at  the  National  Center  for  Health  Statistics,  World  Health  Organiza¬ 
tion  (WHO)  medical  officer  at  the  Instituto  de  Nutricion  de  Centro 
America  y  Panama,  and  professor  of  maternal  and  child  health  at 
the  University  of  San  Carlos  in  Guatemala.  Currently,  Dr.  Habicht 
serves  as  an  advisor  to  United  Nations  (UN)  and  government  health 
and  nutrition  agencies.  He  is  a  member  of  the  Expert  Advisory  Panel 
on  Nutrition,  WHO,  and  is  past  chairman  of  the  United  Nations’ 
Advisory  Group  on  Nutrition.  He  has  consulted  to  the  UN’s  World 
Food  Program  and  is  involved  in  research  with  the  UN  High  Com¬ 
mission  for  Refugees  about  the  adequacy  of  food  rations  in  refugee 
camps.  Dr.  Habicht  has  served  on  numerous  Institute  of  Medicine 
committees  advising  the  U.S.  Agency  for  International  Development 
about  issues  in  international  nutrition.  He  served  as  a  member  of 
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the  IOM’s  Food  and  Nutrition  Board  (1981-1984)  and  as  a  member 
and  past  chair  of  the  Committee  on  International  Nutrition  Pro¬ 
grams.  Dr.  Habicht  chaired  the  National  Research  Council’s  Coor¬ 
dinating  Committee  on  Evaluation  of  Food  Consumption  Surveys, 
which  produced  the  1986  NRC  report,  Nutrient  Adequacy:  Assessment 
Using  Food  Consumption  Surveys. 

ROBERT  A.  JACOB,  Ph.D.,  F.A.C.N.,  obtained  a  Ph.D.  degree  in 
1970  in  inorganic  and  analytical  chemistry  from  Southern  Illinois 
University,  Carbondale.  Currently,  Dr.  Jacob  is  a  research  chemist 
at  the  U.S.  Department  of  Agriculture  (USDA)  Western  Human 
Nutrition  Research  Center  (WHNRC)  in  Daws,  California.  Dr.  Jacob 
has  been  engaged  in  nutritional  biochemistry  research  for  23  years, 
20  years  as  a  chemist  or  research  chemist  with  the  USDA  Agricultural 
Research  Service.  His  area  of  research  has  been  the  metabolism  and 
nutritional  requirements  for  vitamins  and  trace  minerals,  and  bio¬ 
chemical  assessment  of  nutritional  status.  At  WHNRC,  his  primary 
focus  has  been  on  requirements  for  vitamin  C,  folic  acid,  and  niacin 
and  the  role  of  diet  in  antioxidant  protection.  He  has  published 
over  110  related  articles  in  scientific  journals  and  textbooks. 

ISHWARLAL  JIALAL,  M.D.,  Ph.D.,  is  Professor  of  Internal  Medi¬ 
cine  and  Pathology,  Director  of  the  Division  of  Clinical  Biochemis¬ 
try  and  Human  Metabolism,  Co-director  of  the  Lipid  Clinic,  and 
Attending  Physician,  Division  of  Endocrinology  and  Metabolism  at 
the  University  of  Texas  Southwestern  Medical  Center  at  Dallas.  He 
also  holds  the  C.  Vincent  Prothro  Chair  in  Human  Nutrition  Re¬ 
search.  To  date  Dr.  Jialal  has  published  over  216  original  papers 
and  invited  reviews  in  the  areas  of  nutrition,  atherosclerosis, 
metabolism,  and  endocrinology.  He  has  received  numerous  awards 
for  his  work  including  the  AHA  Young  Investigator  Award;  Fellow, 
Council  of  Arteriosclerosis,  AHA;  George  Grannis  Award,  National 
Academy  of  Clinical  Biochemistry;  the  VERIS  Award  for  nutrition 
research;  the  Outstanding  Clinical  Chemist  Award  from  the  Texas 
Section,  American  Association  of  Clinical  Chemistry  and  the  Inter¬ 
national  Hermes  Prize  for  Vitamin  Research,  The  Bennie  Zak  Award 
for  Outstanding  Research,  Lipids  and  Lipoproteins  Division,  AACC. 
He  received  his  M.D.  and  Ph.D.  from  the  University  of  Natal  Medical 
School,  Natal,  South  Africa.  Presently,  his  major  research  interests 
are  atherosclerosis,  antioxidants,  hyperlipidemia,  and  diabetes. 

RENATE  D.  KIMBROUGH,  M.D.,  presently  works  as  an  indepen¬ 
dent  consultant.  From  1991  to  1999  she  served  as  senior  medical 
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associate  at  the  Institute  for  Evaluating  Health  Risks  (IEHR).  She 
earned  her  M.D.  from  the  University  of  Goettingen  in  Germany.  At 
the  IEHR,  Dr.  Kimbrough  conducted  several  studies  and  consulted 
on  a  variety  of  matters  involving  environmental  contamination  and 
human  health  effects.  Dr.  Kimbrough  has  served  previously  as  the 
Director  for  Health  and  Risk  Capabilities  and  as  Advisor  on  Medical 
Toxicology  and  Risk  Evaluation  for  the  U.S.  Environmental  Protec¬ 
tion  Agency’s  Office  of  the  Administrator  and  as  medical  toxicolo¬ 
gist  for  the  Centers  for  Disease  Control  and  Prevention.  She  has 
over  130  scientific  publications  in  the  fields  of  toxicology  and  risk 
assessment.  Dr.  Kimbrough  is  certified  as  a  diplomate  for  the  Amer¬ 
ican  Board  of  Toxicology  and  an  honorary  fellow  of  the  American 
Academy  of  Pediatrics.  In  1991,  she  received  the  American  Confer¬ 
ence  on  Governmental  Industrial  Hygienists’  Herbert  E.  Stokinger 
Award  for  outstanding  achievement  in  industrial  toxicology.  She 
also  has  served  on  the  Scientific  Advisory  Board,  United  States  Air 
Force,  and  the  American  Board  of  Toxicology. 

LAURENCE  N.  KOLONEL,  M.D.,  Ph.D.,  M.P.H.,  is  Deputy  Center 
Director  and  Director  of  the  Cancer  Etiology  Program  at  the  Cancer 
Research  Center  of  the  University  of  Hawaii.  Dr.  Kolonel  is  a  former 
member  of  the  Food  and  Nutrition  Board  and  has  served  on  the 
Committee  on  Diet,  Nutrition  and  Cancer;  the  Committee  on  Diet 
and  Health;  and  the  Committee  on  Comparative  Toxicity  of  Natu¬ 
rally  Occurring  Carcinogens.  Dr.  Kolonel  recently  served  on  the 
National  Cancer  Institute  Subcommittee  on  Prevention  and  Con¬ 
trol,  is  on  the  advisory  board  of  the  Center  for  Communications, 
Health  and  the  Environment,  and  is  associate  editor  of  Cancer  Epide¬ 
miology  Biomarkers  and  Prevention  and  Cancer  Research.  Recently,  Dr. 
Kolonel  has  published  on  the  relationship  of  dietary  intake  and 
racial  variations  to  prostate  and  other  types  of  cancer.  Dr.  Kolonel 
received  his  M.P.H.  and  Ph.D.  in  epidemiology  from  the  University 
of  California  at  Berkeley  and  his  M.D.  from  Harvard  Medical  School. 

NORMAN  I.  KRINSKY,  Ph.D.,  received  his  Ph.D.  in  biochemistry 
from  the  University  of  Southern  California.  He  is  currently  a  profes¬ 
sor  in  the  Department  of  Biochemistry  at  Tufts  University  School  of 
Medicine  and  a  scientist  at  the  Jean  Mayer  U.S.  Department  of  Agri¬ 
culture  Human  Nutrition  Research  Center  on  Aging,  Tufts  Univer¬ 
sity.  Dr.  Krinsky  is  a  member  of  the  Advisory  Committee  of  the 
International  Antioxidant  Research  Centre  at  King’s  College  in 
London.  He  is  also  the  president  of  the  New  England  Free  Radical/ 
Oxygen  Society.  Currently,  Dr.  Krinsky’s  research  is  directed  at  ex- 
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amining  the  metabolism  of  carotenoids  to  retinoids  and  retinoic 
acid,  the  role  of  carotenoids  in  human  vision,  and  the  function  of 
antioxidants. 

HARRIET  V.  KUHNLEIN,  Ph.D.,  R.D.,  is  professor  of  human  nutri¬ 
tion  at  McGill  University  and  founding  director  of  the  Centre  for 
Indigenous  Peoples’  Nutrition  and  Environment.  She  is  a  registered 
dietitian  in  Canada,  and  holds  a  Ph.D.  in  nutritional  sciences  from 
the  University  of  California  at  Berkeley.  The  focus  of  Dr.  Kuhnlein’s 
research  is  on  the  nutrition,  food  patterns,  and  environment  of 
indigenous  peoples.  Specifically,  her  work  examines  the  traditional 
foods  of  indigenous  peoples,  nutrient  and  contaminant  levels  in 
indigenous  food  systems,  and  nutrition  promotion  programs  for 
indigenous  peoples.  She  has  published  numerous  articles  on  these 
subjects.  Dr.  Kuhnlein  is  a  member  of  both  the  American  and  Cana¬ 
dian  Societies  of  Nutritional  Sciences,  the  Society  for  International 
Nutrition  Research,  the  Canadian  Dietetic  Association,  and  the  Society 
for  Nutrition  Education.  She  serves  on  the  Advisory  Council  of  the 
Herb  Research  Foundation,  and  is  a  former  co-chair  of  the  Com¬ 
mittee  on  Nutrition  and  Anthropology  of  the  International  Union 
of  Nutritional  Sciences.  Dr.  Kuhnlein  is  a  member  of  the  editorial 
boards  of  Ecology  of  Food  and  Nutrition,  Journal  of  Food  Composition  and 
Analysis,  International  Journal  of  Circumpolar  Health,  and  Journal  of 
Ethnobiology. 

JAMES  R.  MARSHALL,  Ph.D.,  is  a  professor  of  public  health  and 
associate  director  of  Cancer  Prevention  and  Control  at  the  Arizona 
Cancer  Center.  He  received  his  Ph.D.  in  sociology  from  the  Univer¬ 
sity  of  California  at  Los  Angeles.  Dr.  Marshall  is  currently  involved 
in  a  colon  cancer  prevention  program  project  and  is  principal  in¬ 
vestigator  for  a  collaborative  project  to  assemble  a  multi-state  regis¬ 
try  of  familial  colon  cancer.  Additionally,  Dr.  Marshall  is  involved  in 
research  focused  on  diet  in  the  epidemiology  of  prostate  cancer. 
His  work  on  measurement  error  in  epidemiology  has  emphasized 
the  use  of  nutrient  indices.  He  has  been  the  invited  speaker  at  the 
American  Cancer  Society  Workshop  on  Nutrition  and  Cancer,  the 
American  Dietetic  Association,  and  the  Second  International  Con¬ 
ference  on  Dietary  Assessment  Methods. 

SUSAN  TAYLOR  MAYNE,  Ph.D.,  is  an  associate  professor  in  chron¬ 
ic  disease  epidemiology  at  Yale  University  School  of  Medicine  and 
associate  director  of  the  Yale  Comprehensive  Cancer  Center  for 
which  she  leads  the  Cancer  Prevention  and  Control  Research  Pro- 
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gram.  The  primary  focus  of  Dr.  Mayne’s  research  is  in  the  area  of 
nutrition  and  cancer  prevention.  Currently,  she  directs  a  large  can¬ 
cer  prevention  clinical  trial  to  determine  whether  supplemental  13- 
carotene  reduces  the  incidence  of  cancer.  Additionally,  she  partici¬ 
pated  in  the  working  group  on  carotenoids  and  cancer  of  the 
International  Agency  for  Research  on  Cancer  and  the  Steering  Com¬ 
mittee  of  the  Carotenoid/ Vitamin  A  Research  Interaction  Group. 
She  was  chair  of  the  Carotenoid  Research  Interaction  Group  Annual 
Conference  at  Federation  of  American  Societies  for  Experimental 
Biology  in  1996.  Dr.  Mayne  has  a  Ph.D.  in  nutritional  biochemistry 
with  minors  in  biochemistry  and  toxicology  from  Cornell  University. 

RITA  B.  MESSING,  Ph.D.,  received  her  Ph.D.  in  physiological  psy¬ 
chology  from  Princeton  University  and  did  postdoctoral  research  in 
the  Department  of  Nutrition  and  Food  Science  at  Massachusetts 
Institute  of  Technology  in  the  Laboratory  of  Neuroendocrine  Regula¬ 
tion.  Dr.  Messing  has  been  in  the  Department  of  Pharmacology, 
University  of  Minnesota  Medical  School  since  1981,  and  is  currently 
an  associate  professor.  Since  1990  her  primary  employment  has 
been  at  the  Minnesota  Department  of  Health  in  Environmental 
Toxicology,  where  she  supervises  the  Site  Assessment  and  Consulta¬ 
tion  Unit,  which  conducts  public  health  activities  at  hazardous  waste 
sites  and  other  sources  of  uncontrolled  toxic  releases.  Dr.  Messing 
has  70  publications  in  toxicology  and  risk  assessment,  neurophar¬ 
macology,  psychobiology,  and  experimental  psychology.  She  has 
taught  at  Rutgers  University,  Northeastern  University,  University  of 
California  at  Irvine,  and  the  University  of  Minnesota,  and  has  had 
visiting  appointments  at  Organon  Pharmaceuticals  in  the  Nether¬ 
lands  and  the  University  of  Paris. 

SANFORD  A.  MILLER,  Ph.D.,  is  dean  of  the  Graduate  School  of 
Biomedical  Sciences  and  professor  in  the  Departments  of  Biochem¬ 
istry  and  Medicine  at  The  University  of  Texas  Health  Science  Cen¬ 
ter  at  San  Antonio.  He  is  the  former  director  of  the  Center  for  Food 
Safety  and  Applied  Nutrition  at  the  Food  and  Drug  Administration. 
Previously,  he  was  professor  of  Nutritional  Biochemistry  at  the  Mas¬ 
sachusetts  Institute  of  Technology.  Dr.  Miller  has  served  on  many 
national  and  international  government  and  professional  society  ad¬ 
visory  committees,  including  the  Federation  of  American  Societies 
for  Experimental  Biology  Expert  Committee  on  GRAS  Substances, 
the  National  Advisory  Environmental  Health  Sciences  Council  of 
the  National  Institutes  of  Health,  the  Food  and  Nutrition  Board 
and  its  Food  Forum,  the  Joint  World  Health  Organization  (WHO)/ 
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Food  and  Agriculture  Organization  (FAO)  of  the  United  Nations 
Expert  Advisory  Panel  on  Food  Safety  (chairman),  and  the  Steering 
Committees  of  several  WHO/FAO  panels.  He  also  served  as  chair  of 
the  Joint  FAO/WHO  Expert  Consultation  on  the  Application  of 
Risk  Analysis  to  Food  Standards  Issues.  He  is  author  or  co-author  of 
more  than  200  original  scientific  publications.  Dr.  Miller  received  a 
B.S.  in  chemistry  from  the  City  College  of  New  York,  and  an  M.S. 
and  Ph.D.  from  Rutgers  University  in  physiology  and  biochemistry. 

IAN  C.  MUNRO,  Ph.D.,  is  a  consultant  toxicologist  and  principal 
for  CanTox,  Inc.,  in  Ontario,  Canada.  He  is  a  leading  authority  on 
toxicology  and  has  over  30  years  experience  in  dealing  with  com¬ 
plex  regulatory  issues  related  to  product  safety.  He  has  in  excess  of 
150  scientific  publications  in  the  fields  of  toxicology  and  risk  assess¬ 
ment.  Dr.  Munro  formerly  held  senior  positions  at  Health  and  Wel¬ 
fare  Canada  as  director  of  the  Bureau  of  Chemical  Safety  and  direc¬ 
tor  general  of  the  Food  Directorate,  Health  Protection  Branch.  He 
was  responsible  for  research  and  standard  setting  activities  related 
to  microbial  and  chemical  hazards  in  food  and  the  nutritional  qual¬ 
ity  of  the  Canadian  food  supply.  He  has  contributed  significantly  to 
the  development  of  risk  assessment  procedures  in  the  field  of  public 
health,  both  nationally  and  internationally,  through  membership  on 
various  committees  dealing  with  the  regulatory  aspects  of  risk  assess¬ 
ment  and  risk  management  of  public  health  hazards.  Dr.  Munro  is  a 
graduate  of  McGill  University  in  biochemistry  and  nutrition  and  holds 
a  Ph.D.  from  Queen’s  University  in  pharmacology  and  toxicology. 
He  is  a  fellow  of  the  Royal  College  of  Pathologists,  London,  and  a 
fellow  of  the  Academy  of  Toxicological  Sciences.  He  also  was  a  former 
director  of  the  Canadian  Centre  for  Toxicology  at  Guelph,  Ontario. 

SUZANNE  P.  MURPHY,  Ph.D.,  R.D.,  is  a  nutrition  researcher  (pro¬ 
fessor)  at  the  Cancer  Research  Center  of  Hawaii  at  the  University  of 
Hawaii,  Honolulu.  She  received  her  B.S.  in  mathematics  from 
Temple  University  and  her  Ph.D.  in  nutrition  from  the  University 
of  California  at  Berkeley.  Dr.  Murphy’s  research  interests  include 
dietary  assessment  methodology,  development  of  food  composition 
databases,  and  nutritional  epidemiology.  She  is  a  member  of  the 
National  Nutrition  Monitoring  Advisory  Council  and  the  Year  2000 
Dietary  Guidelines  Advisory  Committee,  and  serves  on  editorial 
boards  for  the  Journal  of  Nutrition,  Journal  of  Food  Composition  and 
Analysis,  Family  Economics  and  Nutrition  Revieiu,  and  Nutrition  Today. 
Dr.  Murphy  is  a  member  of  numerous  professional  organizations 
including  the  American  Dietetic  Association,  American  Society  for 
Nutritional  Sciences,  American  Public  Health  Association,  American 
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Society  for  Clinical  Nutrition,  and  Society  for  Nutrition  Education. 
She  has  over  50  publications  on  dietary  assessment  methodology 
and  has  lectured  nationally  and  internationally  on  this  subject. 

HARRIS  PASTIDES,  Ph.D.,  is  dean  of  the  University  of  South  Caro¬ 
lina’s  School  of  Public  Health  and  professor  in  the  Department  of 
Epidemiology  and  Biostatistics.  Previously,  he  was  chair  and  a  pro¬ 
fessor  of  epidemiology  in  the  Department  of  Biostatistics  and  Epi¬ 
demiology  at  the  School  of  Public  Health  and  Health  Sciences  at 
the  University  of  Massachusetts  at  Amherst.  Dr.  Pastides  is  a  consult¬ 
ant  to  the  World  Health  Organization’s  Program  in  Environmental 
Health  and  a  fellow  of  the  American  College  of  Epidemiology.  He 
has  published  widely  and  is  the  co-author  of  several  books.  He  was  a 
Fulbright  Senior  Research  Fellow  and  visiting  professor  at  the  Uni¬ 
versity  of  Athens  Medical  School  in  Greece  from  1987-1988.  Dr. 
Pastides  earned  his  M.P.H.  and  his  Ph.D.  from  Yale  University;  he 
has  been  a  principal  investigator  or  co-investigator  on  over  30  exter¬ 
nally  funded  research  grants,  results  of  which  have  been  published 
in  numerous  peer-reviewed  journals.  He  previously  served  on  the 
National  Academy  of  Sciences’  Committee  on  Pediatric  Respiratory 
Infections  in  Developing  Nations. 

ROSS  L.  PRENTICE,  Ph.D.,  is  director  of  the  Division  of  Public 
Health  Science  of  the  Fred  Hutchinson  Cancer  Research  Center 
and  professor  of  biostatistics,  University  of  Washington.  He  has  ex¬ 
pertise  in  the  areas  of  statistics,  biostatistics,  nutrition,  health  pro¬ 
motion  and  disease  prevention,  and  epidemiology,  and  is  principal 
investigator  of  the  Women’s  Health  Initiative  Clinical  Coordinating 
Center.  Dr.  Prentice  received  his  Ph.D.  in  statistics  from  the  Univer¬ 
sity  of  Toronto.  He  currently  serves  as  a  member  on  the  Food  and 
Nutrition  Board  and  is  a  member  of  the  Institute  of  Medicine. 

JOSEPH  V.  RODRICKS,  Ph.D.,  is  the  managing  director  of  The 
Life  Sciences  Consultancy  LLC.  He  is  one  of  the  founding  princi¬ 
pals  of  the  ENVIRON  Corporation,  with  internationally  recognized 
expertise  in  assessing  the  risks  to  human  health  of  exposure  to  toxic 
substances.  He  received  his  B.S.  from  Massachusetts  Institute  of 
Technology  and  his  Ph.D.  in  biochemistry  from  the  University  of 
Maryland.  Dr.  Rodricks  is  certified  as  a  diplomate  of  the  American 
Board  of  Toxicology.  Before  working  as  a  consultant,  he  spent  15 
years  at  the  Food  and  Drug  Administration  (FDA).  In  his  final  3 
years  at  the  FDA,  he  was  Deputy  Associate  Commissioner  for  Science, 
with  special  responsibility  for  risk  assessment.  He  was  a  member  of 
the  National  Academy  of  Sciences  (NAS)  Board  on  Toxicology  and 
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Environmental  Health  Hazards,  and  has  also  served  on  or  chaired 
ten  other  NAS  Committees.  He  has  more  than  100  scientific  publica¬ 
tions  on  food  safety  and  risk  assessment  and  has  lectured  nationally 
and  internationally  on  these  subjects.  He  is  the  author  of  Calculated 
Risks ,  a  nontechnical  introduction  to  toxicology  and  risk  assessment. 

IRWIN  H.  ROSENBERG,  M.D.,  is  an  internationally  recognized 
leader  in  nutrition  science  who  serves  as  professor  of  physiology, 
medicine  and  nutrition  at  Tufts  University  School  of  Medicine  and 
School  of  Nutrition,  as  well  as  director,  Jean  Mayer  U.S.  Depart¬ 
ment  of  Agriculture  Human  Nutrition  Research  Center  on  Aging  at 
Tufts  University  and  dean  for  nutrition  sciences,  Tufts  University. 
He  is  the  first  holder  of  the  Jean  Mayer  Chair  in  Nutrition  at  Tufts. 
Prior  to  joining  Tufts,  Dr.  Rosenberg  held  faculty  positions  at  Harvard 
Medical  School  and  the  University  of  Chicago  where  he  served  as 
the  first  director  of  the  Clinical  Nutrition  Research  Center.  As  a 
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vitamin  C  and,  102,  109,  110-111 
Beta-Carotene  and  Retinol  Efficacy  Trial, 
36-37 

Be ta-cryptoxan thin,  13,  44,  325,  330,  332- 
333,  345,  348,  349,  350-351,  358, 
360-365,  366,  452-453 
Beta-glucuronidase,  106-107,  116 
Bioavailability  of  nutrients 

alpha-tocopherol,  224,  243,  251, 394 
carotenoids,  328,  331,  344,  354-357, 
369-371,  403 
defined, 463 

dietary  fat  and,  68,  224,  248,  356 
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drug  interactions  and,  357 
food  matrix  and,  354,  355-356,  404 
form  of  intake  and,  83,  251,  354 
form  of  nutrient  and,  193,  194-195, 
357,  369-371 

in  infant  formulas,  29,  64 
iron  in,  129 

nutrient-nutrient  interactions  and,  83, 
357-358 

nutritional  status  of  individuals  and, 

83,  356 

processing  of  foods  and,  29,  354,  356 
and  risk  assessment,  82-83 
selenium,  291-292,  306,  307,  399 
vitamin  C,  99,  128 

vitamin  E  (all  forms),  16,  193,  194-195, 
224,  243 
Biomarkers 

of  cancer,  113-116 
of  DNA  damage,  45,  46-47,  109-111, 
116 

of  lipid  peroxidation,  45,  104-105,  116, 
132,  151,  203,  211 
Bladder  cancer,  106-107,  1,13,  116 
Bleomycin,  112,  114-115 
Blood  coagulation,  99,  101 
Body  Mass  Index,  32,  33,  330 
Body  pools 

alpha-tocopherol,  201-202,  225 
carotenoids,  329-330,  351-353 
kinetic  modeling  of,  209-210,  403 
selenium,  286,  313 

vitamin  C,  100,  103,  132,  140,  142,  145, 
152-153,  166,  225,  403 
vitamin  E  (all  forms),  210 
Body  size  considerations,  133,  146,  242 
Body  water  considerations,  133,  138,  146 
Body  weight  See  also  Reference  body 
weight  ratio  method 
reference  weights,  31-33 
Bone  formation  and  growth,  98,  101,  202 
Boston  Nutritional  Status  Survey  of  the 
Elderly,  154,  155,  242,  249 
Breast  cancer,  123,  219 
Breast  Cancer  Serum  Bank  cohort  study, 
219 

Breastfeeding.  See  Human  milk;  Lactation 
Breath  ethane,  132,  150-151,  203,  211,  231 
Breath  pentane,  334-337 


c 

Cambridge  Heart  Antioxidant  Study,  36- 
37,  214-215,  241 
Canada 

antioxidant  intervention  trials,  38-39 
cancer,  124 

cardiovascular  disease,  38-39 
dietary  intakes,  16,  154,  284,  309,  438- 
439 

Food  Guide  for  Healthy  Eating,  351-352 
Recommended  Nutrient  Intakes,  28, 
383,  410 

reference  weights  and  heights,  32,  33 
selenium,  284,  293 
vitamin  C,  69,  124,  154 
Canadian  Paediatric  Society,  28,  29,  63-65 
Cancer.  See  also  individual  sites 

alpha-tocopherol  and,  36-37,  196,  213- 
214,  218-220,  241,  290,  366,  367 
antioxidant  intervention  trials,  36-41, 
218-219,  339,  357-358 
biomarkers,  113-116 
carotenoids,  14,  36-41,  213-214,  290, 
326,  330,  333,  339,  340-341,  342- 
346,  351,  352,  357,  360,  366-372, 
405,  406 

DNA  damage  and,  218-219 
gap  junctional  communication  and, 
333,  338 

mortality,  14,  339 

oxidative  stress  and,  17,  46-47,  218-219 
selenium  and,  36-41,  290-291,  319,  367 
vitamin  C  and,  36-37,  40-41,  106-107, 
113-116,  123-125,  127,  128,  160 
Cardiomyopathy,  159,  206-207,  287,  288 
Cardiovascular  disease.  See  also  Coronary 
artery  disease;  Coronary  heart 
disease 

alpha-tocopherol  and,  18,  36-41,  48-49, 
187,  203,  206-207,  211-217,  225, 

238,  241-242,  248,  252,  261,  406 
animal  studies,  48-49,  212,  216 
carotenoids  and,  18,  36-41,  326,  331, 
336-337,  339,  340-341,  346-348,  351, 
371 

diabetes  raellitus  and,  50 
intervention  trials,  48,  213-216 
iron  and,  159 
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LDLs  and,  47-48,  50,211-212 
lipid  peroxidation  and,  225 
mortality,  339 

observational  studies,  212-213 
oxidative  stress  and,  18,  47-49,  50,  101- 
102,  225 

RNA/ROS  and,  216 
selenium  and,  40-41, 287,  288 
smokers,  37-39,  48-49,  103,  106-107, 

216,  238,  252,  347 

vitamin  C  and,  18,  38-41,  101-102,  106- 
107,  109,  121-122,  127,  128,  346-347 
women,  38-41,  121,  122,  212,  347 
Carnitine  biosynthesis 
iron  and,  120 

vitamin  C  and,  95,  96,  99,  120,  153, 

166 

Carotene  and  Retinol  Efficacy  Trial 

(CARET),  36,  345,  367,  368,  369 
Carotenodermia,  366,  368,  464 
Carotenoids,  325-382.  See  also  Beta- 

carotene;  other  individual  carotenoids 
absorption,  326,  328,  330,  354,  355,  356 
adolescents,  355,  358 
adults  (19-50  years),  330-331,  334-337, 
339-345,  364-365 

adults  (51+  years),  336-337,  338,  340- 
341,  347,  348-351 
adverse  effects,  366-368,  405,  406 
and  age-related  macular  degeneration, 
18-19,  49,  326,  340-341,  348-350, 
371,  403 
aging  and,  330 

alcohol  consumption  and,  330,  360, 
361,368 

allergic  reactions,  368 
antioxidant  activity,  36-37,  43-45,  98-99, 
102,  109,  110-111,  325,  326,  331- 
333,  334-337 

bioavailability,  328,  331,  344,  354-357, 
369-371 

blood  concentrations,  329-330,  332- 
333,  338,  346,  351-353,  358,  368, 
448-457 

body  mass  index  and,  330 
body  stores,  329-330,  351-353 
and  cancer,  36-41,  213-214,  290,  326, 
330,  333,  339,  340-341,  342-346,  351, 
352,  357,  360,  366-372,  405,  406 


and  cardiovascular  disease,  18,  36-41, 
326,  331, 336-337,  340-341,  346-348, 
351,  371 

and  cataracts,  18,  326,  340-341, 350-351 
children,  338,  355,  356,  358,  368 
cholesterol  and,  330 
and  cystic  fibrosis,  331,  336-337 
depletion/rcpletion  studies,  331,  332, 
334-337,  371,  403 
dietary'  fat  and,  356 

and  DNA  damage  and  repair,  109,  110- 
111,  331-332,  336-337 
dose-response  assessment  for  ULs,  368- 
369 

DRIs,  12-13,  16,  325 
excretion,  328-329 
exposure  assessment,  369 
fat  substitutes  and,  357 
food  sources,  325,  331,  332,  334,  342, 
344-345,  346,  349-350,  351-352,  353, 
354,  355-356,  360-363,  368,  371, 
398-399 

functions,  12,  43,  325,  326 

and  gap  junctional  communication, 

333,  338 

gender  and,  330,  351,  364-365 
hazard  identification,  366-368 
health  effects,  326,  338-351,  403-404 
in  human  milk,  361 , 362-366 
and  immune  function,  326,  338 
indicators  of  adequacy,  325,  331-353 
infants,  361,  362-366,  368 
intakes,  361,  364-366,  369 
interactions  with  drugs,  357 
interactions  with  other  nutrients,  36- 
41,  102,  109,  110-111,  290,  325, 

326,  327,  328,  330,  331,  332,  338, 
343,  352,  355,  356,  357-358,  366, 

367 

international  comparisons,  334-337 
intervention  trials,  2,  14,  36-41, 213- 
214,  216-217,  219,  221,  238,  241, 
242,  252,  254,  345-346,  353,  366- 
368,  369,  372,  405 
lactation,  355,  362,  363 
by  life-stage  group  and,  358-360,  448- 
457 

and  lipid  peroxidation,  332,  334-337 
lipoproteins  and,  329,  330,  332,  334-337 
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metabolism,  328-329 
methodological  issues,  16,  68-69,  339, 
359,  404 

and  mortality  from  chronic  disease,  14, 
339-342,  351 

nonprovitamin  A,  326,  327,  346,  351 
observational  epidemiological  studies, 
338-339,  342-345,  346-347 
and  oxidative  stress,  332 
provitamin  A  activity,  12-14,  36-37,  43- 
44,  325,  326,  327,  328,  330,  331 , 
338,  343,  352,  355,  356,  366,  367, 

371,  372,  403,  467 

research  recommendations,  2,  20,  371- 

372,  403-404 

risk  characterization,  369-371 
smokers,  18,  36-39,  49,  330,  331,  334- 
337,  344,  345,  347,  351,  359,  366- 
371,  372,  405,  406 
special  considerations,  358-360 
structure,  326,  327 

supplement  use,  325-326,  355,  357,  366 
transport,  329 

ULs,  5-6,  13-14,  27,  366-371,  407 
Catalase,  45 

Cataracts,  18,  49,  340-341 

alpha-tocopherol  and,  18,  49,  221 
carotenoids  and,  18,  326,  340-341,  350- 
351 

oxidative  stress  and,  18,  49,  350 
smoking  and,  351 

vitamin  C  and,  18,  98,  125-126,  127 
Catecholamines,  96,  127,  222-223 
Central  nervous  system  disorders,  19,  50, 
127,  221-223 

Ceruloplasmin  oxidase  activity,  129,  160 
Cervical  cancer,  17,  123,  340-341,  345,  346 
Children,  ages  1  through  13  years.  See  also 
Life-stage  groups;  individual  nutrients 
abetalipoproteinemia,  202 
AIs,  65-66 
anemia,  355 

attention-deficit  disorder,  163 

cardiomyopathy,  287,  288,  292 

cholestasis,  235 

common  colds,  163 

cystic  fibrosis,  202,  210-211,  336-337 

EARs,  30,  33,  65-66 

growth  factors,  66 

Keshan  disease,  287,  288,  292,  299-300, 
301-302 

reference  weights  and  heights,  31-32 


supplement  use,  163,  260 
ULs,  14,  33 

vitamin  A  deficiency,  338,  356 
Cholestasis,  235 

Cholestatic  hepatobiliary  disease,  202,  203 
Cholesterol 

aging  and,  235 
carotenoids  and,  330 
dietary,  99,  248 
LDL,  47,  330 
serum,  235 
vitamin  C  and,  99 

Cholesterol  Lowering  Atherosclerosis 
Study,  213 
Cholestyramine,  357 
Chromosomal  damage  and  aberrations, 
109,  110-111,  112,  114-115 
Chronic  cholestatic  hepatobiliary  disease, 
202,  203 

Chronic  obstructive  pulmonary  disease, 
126,  127 

Chylomicron  secretion,  196-197,  224,  330 
Circulating  lipid  levels,  234-235 
Cobalamins,  vitamin  C  and,  158 
Cognitive  function,  19,  50, 127 
Collagen  metabolism 
iron  and,  118-119 

vitamin  C  and,  95,  96,  98,  99,  101,  118- 
119,  166 

Colorectal  cancer,  36-37,  113,  116,  123- 
124 

Colorectal  polyps,  113,  114-115,  219-220 
Common  cold,  117,  126-127 
Complementary  DNA  (cDNA),  197 
Conjugated  dienes,  104-105,  203 
Connective  tissue  synthesis,  98,  101 
Continuing  Survey  of  Food  Intakes  by 
Individuals  (CSFII) 
alpha-tocopherol,  68,  240,  245,  247, 
248,  396,  436-437 
carotenoids,  361,  364 
design,  69 

vitamin  C,  135,  138,  432-435 
Copper 

infants,  129,  159-160 

and  LDL  oxidation,  211 

metabolism,  129 

and  oxidative  stress,  203 

vitamin  C  and,  96,  97-98,  128,  129, 

156,  159-160,  161 

Coronary  artery  disease,  106-107,  121,  122, 
241,  248,  336-337 
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Coronary  heart  disease,  18,  49,  121,  122, 
212,  214-215,  238,  241,  261,  341, 
347,  351 

Corticosteroids,  99 

Coxsackie  B3  virus,  287 

Cretinism,  287 

Critical  endpoints,  identification  of,  88-89, 
254,  313 

CSFII.  See  Continuing  Survey  of  Food 
Intakes  by  Individuals 

Cyclooxygenase-1,  196,  212,  223 

Cystic  fibrosis,  202,  210-211,  331,  336-337 

D 

Data  and  database  issues 

alpha-tocopherol,  232,  243-248,  255, 
393-396 

for  dose-response  assessment  for  ULs, 
88-89,  161,  255,  313,  315 
food  compostion  data,  16,  19,  67-68, 
309,  360-361 ,  393-394,  396-397,  398, 
399 

nutrient  intakes,  16,  68,  69-70,  194-195, 
243,  309,  385 

quality  and  completeness  of  data,  8-9, 
61-62,  67-68,  87,  309,  385,  390 
selenium,  309,  310,  398-399 
supplement  use,  70 
types  of  data  used,  58-63 
vitamin  C,  139-140,  143,  161 
vitamin  E.  See  Alpha-tocopherol 

Dehydroascorbic  acid  (DHA) 
absorption  and  transport,  99 
chemical  structure,  96,  97 
in  smokers,  130 

Delayed  dermal  sensitivity,  117,  118-119, 

220 

Dental  enamel  erosion,  156,  160,  161 

Depletion/repletion  studies 

alpha-tocopherol,  203,  232,  233-234, 
236,  402 

carotenoids,  331,  332,  334-337,  371 
limitations  of,  59,  402-403 
vitamin  C,  108,  117,  140,  143-145,  402- 
403 

Diabetes  mellitus 

alpha-tocopherol  and,  217-218 
cardiovascular  complications,  50 
LDLs  and,  50 

oxidative  stress  and,  19,  50-51,  217-218 


and  platelet  hyperactivity,  218 
type  I,  106-107 
type  II,  50,  106-107 
Diabetic  neuropathy,  218 
Diacylglycerol,  196 
Diarrhea.  See  Osmotic  diarrhea 
Dietary  antioxidants 

alpha-tocopherol  activity,  43,  44-45,  98- 
99,  102,  109,  110-113,  186,  195, 
224-225 

carotenoid  activity,  36-37,  43-45,  98-99, 
325,  326,  331-333,  334-337 
criteria  for,  43-44 
defined,  17,  42 
and  immune  function,  407 
interaction  among,  195,  224-225,  290, 
332,  367,  404 

intervention  trials,  36-41, 50,  219-220, 
339,  348-350,  357-358 
mechanisms  of  action,  44-46 
selenoprotein  activity,  43,  44-45,  284, 
285 

supplement  efficacy,  45,  48,  49 
vitamin  C  activity,  43,  44-45,  96,  98-99, 
101-109,  116,  124-125,  139-143,  146, 
154,  166 

Dietary’  intakes.  See  also  Canada;  Food 
sources  of  nutrients;  Nutrient 
intakes;  Supplements;  individual 
nutrients 

data  and  database  issues,  16,  68,  69-70, 
194-195,  243,  309,  385 
day-to-day  variation,  69,  385 
infants,  28,  65,  135,  138,  230,  307 
measurement  errors,  68,  69,  313,  359, 
385-386 

research  recommendations,  165-166, 
406 

self-reported,  60,  68,  385,  396 
smokers,  130,  359,  360 
survey  data,  245-247 
underreporting  of,  16,  60,  68,  69,  186, 
232,  240,  247-248,  385,  390,  393, 
395-396 

Dietary'  Reference  Intakes  (DRls) 
applicable  population,  22 
categories,  2,  3,  22-27;  see  also 
Adequate  Intakes;  Estimated 
Average  Requirements; 
Recommended  Dietary’  Allowances; 
Tolerable  Upper  Intake  Levels 
criteria  for,  6-11,  12-13,  42 
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defined,  2-6,  21-22,  33 
extrapolation  from  other  age  groups, 
65-67,  91 

framework,  384,  410-412 
group  applications,  14-16,  25,  387-391, 
392-393,  398 

individual  applications,  4,  15,  22,  384- 
386,  392,  398 

nutrient-specific  considerations,  393-399 
origin,  409-410 

parameters  for,  27-33;  see  also  Life-stage 
groups;  Reference  weights  and 
heights 

precision  of  values,  8-1 1 
risk  pf  inadequacy,  15-16 
sources  of  data,  6-7;  see  also 

Methodological  considerations 
uses,  4,  14-16,  383-399 
DNA  damage  and  repair 

adduct  formation,  106-107,  116,  208 
alpha-tocopherol  and,  109, 110-113,  208 
biomarkers  of,  45,  46-47,  109-111,  116 
and  cancer,  46-47,  113-116,  218-219 
carotenoids  and,  109,  110-111,  331- 
332,  336-337,  360 
ex  vivo,  112-113,  114-115,  116,  130 
in  gastric  mucosa,  106-107,  116 
glutathione  and,  109-110 
ionizing  radiation  and,  46,  112,  130 
iron  and,  109,  160 
lymphocytes,  110-111,  112,  114-115 
oxidative  stress  and,  46-47,  109 
repair  enzymes,  106-107,  116 
RNS  and,  116 

smoking  and,  110-113,  130-131,  360 
vitamin  A  and,  112-113 
vitamin  C  and,  98,  109-115,  116,  130- 
131,  160 

Dopamine,  222-223 
Dopamine-fLhydroxylase,  96,  98 
Dose-response  assessment  for  ULs 
adolescents,  162-164,  258,  315-316 
adults  (19-50  years),  161-162,  255-257, 
313-315 

alpha-tocopherol,  255-259 
carotenoids,  368-369 
children,  162-164,  258,  315-316 
components  and  process,  85,  88-92 
critical  endpoints,  88-89,  161,  254,  313 
data  selection,  88-89,  161,  255,  313,  315 
defined,  77-78,  464 


infants,  162,  258,  315-316 
lactation,  164,  258,  315 
NOAEL/LOAEL  identification,  89-90, 
161-162,  255-256,  314,  316 
pregnancy,  163-164,  258,  315 
selenium,  313-316 

special  considerations,  92, 164-165,  259 
UL  derivation  from,  91-92,  162,  257, 
315,  316 

uncertainty  assessment,  90-91,  162, 
256-257,  315,  316 
vitamin  C,  161-165 
vitamin  E.  See  Alpha-tocopherol 
Down’s  syndrome,  222 
Drinking  water,  309-310,  311,  317,  399 
Drug  abuse.  See  Alcohol  and  drug  abuse 
Drug  interactions 

with  alpha-tocopherol,  40-41,  252,  259 
with  carotenoids,  357 
with  vitamin  C,  99,  150 
Dyspepsia,  106-107,  116 

E 

Elastin,  98 

Elderly  people.  See  Adults,  51+  years 
Embryogenesis,  285 
Emotional  stress,  153 
Endothelial  cells 

dysfunction,  103,  106-107,  131 
monocyte  adhesion  to,  103 
Endothelium-dependent  vasodilation,  106- 
107,  131 

Endothelium-derived  relaxing  factor,  103 
Energy  expenditures,  24-25 
Energy  intakes,  60,  68,  69,  247,  396 
Energy  status 

and  antioxidant  interactions,  224-225 
and  PUFA  metabolism,  226 
Epinephrine,  96 
Erythrocyte 

glutathione,  128 

hydrogen  peroxide-induced  lysis,  210- 
211,231 
vitamin  C,  140 

Erythropoietic  protoporphyria,  366,  371 
Esophageal  cancer,  367 
Established  Populations  for 

Epidemiological  Studies  of  the 
Elderly,  122,  213 
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Estimated  Average  Requirements  (EARs). 
See  also  individual  nutrients 
children,  30,  33,  65-66 
coefficient  of  variation,  3,  24-25 
criteria  used  to  derive,  6-7,  8-1 1 
defined,  3,  5,  23,  24 
evidence  considered,  10-11,  25 
extrapolation  to/from  other  age 
groups,  65-66 

group  applications,  15,  387-390,  392 
knowledge  gaps,  402-404 
methods  used  to  set,  25,  43,  65-66,  402- 
404 

and  RDA,  2-4,  23-25 
reference  weight  and  height  and,  31- 
33 

risk  of  inadequacy,  24 
standard  deviation,  3,  23-24 
uses,  15,  23,  25,  383,  384-386,  387-390, 
392-393 

Ethane,  132,  150-151,  203,  211,  231 
Ethical  considerations,  84 
European  Commission  Concerted  Action 
on  Fundamental  Food,  42 
Exposure 

duration  of,  86 
route  of,  86,  256 
Exposure  assessment 

alpha-tocopherol,  259-260 
carotenoids,  369 
defined,  77,  78 
process,  92 
selenium,  317 
supplements,  92 
vitamin  C,  165 
Extrapolation  of  data 

from  animal  studies,  91,  257 
body  weight  basis,  65-66,  138-139,  163- 
164,  230-231,  258-259,  299-300,  315- 
316 

from  one  gender  group  to  another, 
146-147,  235,  237 

from  other  age  groups,  25,  26,  65-66, 
138-139,  163-164,  166,  230,  231, 
258-259,  299-300,  315-316 
NOAEL  from  LOAEL,  162,  256-257 
from  subchronic  to  chronic  intake,  257 
Eye  Disease  Case-Control  Study,  348 
Eye  diseases.  See  also  Age-related  macular 
degeneration;  Cataracts 
alpha-tocopherol  and,  18,  49,  221 


antioxidant  intervention  trials,  40-41, 
348-350 

carotenoids  and,  49,  348,  349,  350-351 
vitamin  C  and,  18,  125-126 

F 

Familial  hypercholesterolemia,  47 
Fat,  dietary 

and  alpha-tocopherol,  68,  225-226, 

235,  248,  396 
and  carotenoid,  356 
intakes,  16,  68,  69,  232,  247,  248,  261, 
396 

malabsorption  syndromes,  202,  404 
and  MOPD,  349 
Fat  substitutes,  357 
Fatty  streak  lesions,  47 
F2-isoprostanes,  45,  48,  203,  217-218,  464 
Ferritin,  159 

Ferrous  oxidation/xylenol  orange  (FOX) 
assay,  46 

Fetal  nutrition.  See  also  Pregnancy 

alpha-tocopherol,  67,  239,  243,  258,  394 
selenium,  67,  306,  315 
vitamin  C,  67,  149,  150,  163 
Fibrillin,  98 
Fibronectin,  98 

Flavonoids,  98-99,  102,  128,  129,  225 
Foam  cells,  47-48 

Food  and  Agriculture  Organization,  22, 
73-74,  79 

Food  and  Drug  Administration,  309 
Food  composition  data 
analytical  methods,  67 
carotenoids,  360-361 ,  364-365,  369 
quality  and  completeness  of,  68-69, 

309,  390,  393-394,  399 
recommendations,  19,  396-397 
selenium,  309,  398-399 
vitamin  C,  154,  390 
vitamin  E,  19,  68-69,  244-248,  393-394 
Food  matrix  and  bioavailability  of 

nutrients,  250,  354,  355-356,  404 
Food  sources.  See  also  Fortified  foods 
alpha-tocopherol,  224,  243,  244,  245, 
248,  250,  396 

carotenoids,  325,  331,  332,  334,  342, 
344-345,  346,  349-350,  351-352,  353, 
354,  355-356,  360-363,  368,  371, 
398-399 
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selenium,  286,  292,  298-299,  308,  309, 
397 

vitamin  C,  101,  130,  154,  392 
Formulas,  infant 
AIs,  386,  391,  392 
alpha-tocopherol,  230 
bioavailability  of  nutrients,  29,  64 
carotenoids,  361 
DRIs,  28-29 
selenium,  310,  399 
vitamin  C,  101,  135 

Fortified  foods.  See  also  Formulas,  infant 
alpha-tocopherol  in,  12,  16,  190-191, 
243,  394 
selenium  in,  286 
ULs  and,  5,  26,  74 

Fruits  and  vegetables,  17,  18,  45,  47,  130, 
133,  154,  245,  342,  344-345,  346, 
351,  353,  355,  368,  371 
Furunculosis,  117,  118-119 

G 

Gastric  cancer,  36-37,  106-107,  113,  1 14- 
115,  116,  124-125,  196,  290,  367 
Gastric  mucosa 

DNA  damage,  106-107,  116 
nitrotyrosine,  102,  106-107,  116 
oxidant  scavengers,  95,  102,  116,  124 
Gastritis,  102,  106-107,  113,  116,  124-125 
Gastrointestinal  effects 

of  vitamin  C,  95, 100,  102, 106-107, 124- 
125,  156,  161-162, 163,  166,  386,  393 
Gender.  See  also  Men;  Women;  individual 
nutrients 

and  cataracts,  351 

dietary  intakes,  15-16,  154,  165,  245- 
247,  259-260,  364-365 
extrapolation  of  data  on  basis  of,  146- 
147,  235,  237 

and  Keshan  disease,  299,  304 
and  lean  body  mass,  2,  65,  146-147 
and  metabolism,  20,  133,  403,  407 
reference  weights  and  heights,  32 
and  relative  body  weight,  65-66,  138 
and  supplement  use,  70,  260 
Genetic  defects,  in  alpha-TTP,  199,  202, 
204-209 

Genetic  markers  of  disease  susceptibility, 
60 


Geographic  differences  in  nutrient 

intakes,  309,  311-312,  315,  316,  317, 
318-319 
Gingivitis,  120 

GISSI  Prevention  Trial,  38-39,  215,  216, 
217,  238,  241,  242,  252 
Glial  cells,  98 

Glucose-6-phosphate  dehydrogenase 
deficiency,  160-161,  164 
Glutathione 

and  asthma,  126 
deficiency,  128 
and  DNA  damage,  109-110 
erythrocyte,  128 

and  oxidative  stress,  128,  129,  224 
reduced,  104-105,  128,  225 
vitamin  C  and,  43,  96,  98,  99,  103,  105, 
109-110,  126, 128,  129 
Glutathione  peroxidase  activity,  12,  45, 
284,  285,  286,  289-290,  293,  299, 
301-302,  303,  304,  318 
Growth  factors,  66 
Growth  velocity,  28,  64 
Gulonolactone  oxidase,  95-96 
Gun  blue,  312,  465 

H 

Hazard  identification 

adverse  effects,  85,  155-161,  249,  251- 
255,  311-313,  366-368 
alpha-tocopherol,  249,  251-255 
animal  studies,  84-85,  86 
carotenoids,  366-368 
causality,  85-86 
components  of,  85-88 
data  quality  and  completeness  and,  87 
data  sources,  8^85 
defined,  77,  465 

experimental  data  on  nutrient  toxicity 
and,  86 

mechanisms  of  toxicity  and,  87 
pharmacokinetic  and  metabolic  data 
and,  86-87 
selenium,  311-313 
sensitive  subpopulations,  87-88 
vitamin  C,  155-161 
Health  Canada,  410,  438-439 
Heart  Outcomes  Prevention  Evaluation 

Study,  38-39,  216,  217,  241,  242,  252 
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Helicobacter  pylori  infection,  106-107,  113, 
116,  124-125 

Hemochromatosis,  158,  159,  160,  164 
Hemolysis 

hydrogen  peroxide-induced,  12,  43, 
186,  203,  210-211,  231,  232-233, 
234,  235,  402 

in  infants,  162,  163-164,  166 
Hemorrhagic  toxicity,  13,  252,  253-254, 
255-256 

Hemostatic  dysfunction,  131 
High-altitude  resistance,  160 
High-density  lipoproteins,  329 
Human  immunodeficiency  virus  (HIV), 
338 

Human  milk.  See  also  Lactation 

alpha-tocopherol  in,  226,  227,  228-229, 
240,  386 

analysis  of  nutrient  content,  227 
carotenoids  in,  361,  362-366 
colostrum,  227,  293,  294 
fore  milk,  293,  464 
hind  milk,  293,  465 

intakes,  28,  65,  135,  138,  151,  227,  230, 
298,  307,  391 

interindividual  variation  in  nutrients, 
293,  295 

selenium  in,  292-298,  307,  315,  316 
smokers,  132 

vitamin  C  in,  101,  132,  134-138,  151, 
164,  386 

vitamin  E  (all  forms) ,  227,  228-229 
Human  studies 

ethical  considerations,  84 
for  hazard  identification,  84 
methodological  considerations,  59 
Hydrogen  peroxide,  112,  130-131 
Hydrogen  peroxide-induced  hemolysis, 

12,  43,  186,  203,  210-21 1 ,  231 , 232- 
233,  234,  235,  402 
Hydroxynonenal,  104-105 
4-Hydroxyphenylpyruvatedioxygenase,  96 
8-Hydroxy-7,8-dihydro-2'-deoxyguanosine 
(8-oxoxdG) ,  1 09,  1 1 0-1 1 3,  1 3 1 
Hypercholesterolemia,  47,  106-107,  226 
Hypertension,  106-107 
Hypertriglyceridemia,  50 
Hypervitaminosis  A,  368 
Hypochlorous  acid  (HOC1),  108,  140 
Hypovitaminosis  C,  132,  153 


I 

Immune  function 
aging  and,  51,  220 
alpha-tocopherol,  51,  220-221 
assessment  of  antioxidant  role,  407 
carotenoids  and,  326,  338 
measures  of,  118-119 
vitamin  C  and,  108,  117-119,  127 
Indicators  of  nutrient  adequacy.  See  also 
specific  indicators,  life  stages,  and 
nutrients 
defined, 27 

risk  reduction-based,  3,  27,  42 
Infants,  premature,  129,  159-160,  227, 

239,  253-254,  259 

Infants,  0  to  12  months.  See  also  Formulas, 
infant;  Human  milk 
ages  0  through  6  months,  29,  64,  66 
ages  7  through  12  months,  29,  64-65,  66 
AI  derivation  for,  4,  28-29,  63-65,  391, 
392 

cretinism,  287 

dietary  intakes,  28,  65,  135,  138,  227, 
230,  298,  307,  391 
growth  velocity,  28,  64 
hemolysis,  162,  163-164,  166 
methodological  considerations,  63-65, 
66 

oxidant  damage,  162,  166 
recommended  food  sources,  28-29 
reference  weight,  32 
scurvy,  135,  159,  161,  162,  163-164,  166 
solid  foods,  29,  64,  151,  293,  298-299 
special  considerations,  160,  259 
ULs,  14 

Infectious  and  inflammatory'  stresses,  103, 
108,  130 

Intake  assessment  to  derive  ULs.  See 
Exposure  assessment 
Interactions.  See  Nutrient-nutrient 
interactions 

Intercellular  cell  adhesion  molecule 
(ICAM-1),  196,  212,  223 
International  Atomic  Energy  Agency 
(IAEA),  22,  74 
International  comparisons 

alpha-tocopherol,  204-209,  212-214,  216 
antioxidant  intervention  trials,  36-41 
cardiovascular  disease,  121 
carotenoids,  334-337 
vitamin  C,  121,  123,  124,  127,  135,  153 
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Intervention  trials 

alpha-tocopherol,  2,  36-41,  213-217, 
219-220,  221,  223-224,  226,  238, 
241-242,  252,  254,  261-262,  367, 

405 

antioxidants,  36-41,  50,  218-220,  339, 
357-358 

cancer,  36-41,  219-220,  345-346 
cardiovascular  disease,  36-41,  213-217 
carotenoids,  2,  14,  36-41,  213-214,  216- 
217,  219,  221,  238,  241,  242,  252, 
254,  345-346,  353,  366-368,  369, 

372,  405 

eye  diseases,  40-41,  348-350 
intakes  above  ULs,  13,  27,  74,  155,  165, 
249,  260 

methodological  issues,  58,  61 
selenium,  36-41,  290,  303-304,  311, 

318,  319,  367,  405 
vitamin  C,  38-39,  405 
Intestinal  parasites,  356 
Intracellular  glutathione  peroxidase,  289 
Intracellular  recycling,  108 
Iodothyronine  deiodinases,  285 
Iowa  Women’s  Health  Study,  122,  123 
Iron 

absorption,  129,  158,  159,  161 
bioavailability,  129 
cardiovascular  disease,  159 
and  carnitine  biosynthesis,  120 
and  collagen  metabolism,  118-119 
and  DNA  damage  and  repair,  109,  160 
infants,  159 

and  lipid  peroxidation,  159,  221 
metabolism,  129 
and  MOPD,  349 

and  neurodegenerative  diseases,  221 
overload,  158,  166 
transfer  and  storage,  129 
and  vitamin  C,  96,  97-98,  99,  109,  118- 
119,  120,  128,  129,  158,  159,  160, 
161,  164,  166 

Ischemic  heart  disease,  36-37,  214,  216, 
341,  346-347 

Isoprostane  excretion,  95,  102,  130 

K 

Kashin-Beck  disease,  12,  43,  287,  465 
Keshan  disease,  12,  43,  287,  288,  292,  299- 
300,  301-302,  304,  465 


Kidney  stones,  156,  157,  160 
Kinetic  modeling  of  body  pools,  209-210, 
403 

L 

Laboratory  values 

analytical  considerations,  62-63,  139- 

140,  143,  231-232 
estimates  of,  67,  404 

Lactation.  See  also  Human  milk;  individual 
nutrients 

derivation  of  DRIs  for,  31 
length  of,  134-135,  151 
methodological  considerations,  67 
preterm  delivery  and,  227 
stage  of,  228-229,  293,  294-297 
ULs,  82 

Laryngeal  cancer,  17 
Latinos,  vitamin  C,  132 
Lean  body  mass,  133,  138,  146,  148 
Leukocytes,  vitamin  C  in,  43,  95,  103,  108- 
109,  110-111,  130,  133,  139,  140, 

141,  142,  144,  146,  147,  148,  150 
Leukopenia,  368 

Life-stage  groups.  See  also  Adolescents; 

Adults;  Children;  Infants;  Lactation; 
Pregnancy;  individual  nutrients 
Body  Mass  Index  by  categories,  27-31 
and  derivation  of  DRIs,  27-31 
intakes  of  nutrients  by,  416-439 
serum  nutrient  values  by,  440-457 
supplement  use  by,  70 
ULs  by,  14 

Linoleic  acid,  235,  248 
Linxian  Cancer  Prevention  Study,  36-37 
Lipid-lowering  drugs,  357 
Lipid  peroxidation 

alpha-tocopherol  and,  12,  43,  45,  186, 
195,  203,  211,  221,  222,  223,  225, 
226,  243,  261,  405 

biomarkers/measures  of,  45,  104-105, 
116,  132,  151,  203,  211 
and  cardiovascular  disease,  225 
carotenoids  and,  332,  334-337 
iron  and,  159,  221 

and  neurodegenerative  diseases,  221- 

222 

in  passive  smokers,  153 
pregnancy  and,  150-151 
selenium  and,  287 
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in  smokers,  104-105,  130,  131,  132, 
150-151,  153 

vitamin  C  and,  45,  95,  98,  102,  1 04- 
105,  109,  116,  130,  131,  132,  146, 
150-151,  153,  159 

Lipid  Research  Clinics  Coronary  Primary 
Prevention  Trial,  347 
Lipoprotein  lipase,  330 
Lipoproteins.  See  also  High-denisty 
lipoproteins;  Low-density 
lipoproteins 

alpha-tocopherol  and,  193,  197,  199, 
216,  234-235,  261,  405 
carotenoids  and,  329,  330 
Liver  fluke  infection,  106-107 
Liver  necrosis,  287 
Low-density  lipoproteins  (LDLs) 

alpha-tocopherols  and,  211,  217,  226 
and  cardiovascular  disease,  47-48,  50, 
211-212 

carotenoids  and,  329,  332,  334-337 
copper  and,  211 
defined,  79,  466 
and  diabetes  mellitus,  50 
oxidation,  18,  47-48,  50,  211,  226,  405 
smoking  and,  130,  132,  153 
vitamin  C  and,  98,  101-102,  104-105, 
109,  132,  153 

Low-fat  diets,  226,  248,  356 
Lowest-Observed-Adverse-Effect  Level 
(LOAEL) 

alpha-tocopherol,  255-257 
extrapolation  of  NOAEL  from,  162, 
256-257 

identification  of,  89-90,  161-162,  255- 
256,  314 

instead  of  NOAEL,  91 
selenium,  314,  318 
sensitive  subpopulations  and,  92 
vitamin  C,  161-162,  163 
Lung  cancer 

beta-carotene  and,  13-14,  340-341,  342- 
343,  345-346 

smoking  and,  36-39,  124,  213-214,  219, 
360,  366-371,  372,  405,  406 
Lung  lesions,  254 

oxidant  scavengers,  95,  108 
Lutein,  18,  44,  49,  329,  330,  332-333,  343, 
348,  349,  350-351,  353,  355,  357, 
358,  360-365,  366,  371,  454-455 


Lycopene,  44,  329,  332-333,  344-345,  347, 
349,  350,  353,  356,  357,  358,  360- 
365,  366,  368,  371,  456-457 
Lycopenodermia,  368,  466 
Lymphatic  leukemia,  196 
Lymphocytes 

DNA  damage,  110-111,  112,  114-115 
vitamin  C  in,  99-100 
Lysine,  98,  118-119 

M 

Macular  Pigment  Optical  Density 
(MOPD),  349-350,  371 
Major  histocompatibility  complex  II,  338 
Malabsorption  syndromes,  202,  210-211, 
404 

Malnutrition,  protein-energy,  202,  404 
Malondialdehyde,  104-105,  116,  203,  334- 
335 

Marathon  runners,  117,  118-119 
Margarine,  plant  sterol-enriched,  357 
Men.  See  also  Gender 

alcohol  consumption,  361,  368 
alpha-tocopherol,  49,  232-233,  235, 
237,  245,  249,  260 
carotenoids,  49,  338,  349,  351,  353, 
359,  361,  368 
cataracts,  49,  351 
dietary  intakes,  154,  165,  245 
immune  response,  338 
Keshan  disease,  301-302 
kidney  stone  formation,  157 
MOPD  values,  349 
smokers,  359 
supplement  use,  249,  260 
vitamin  C,  95,  117,  118-119,  121,  126, 
133,  146,  148,  149,  154,  157,  165 
Metabolism  of  nutrients 
aerobic,  46 

alpha-tocopherol,  195,  199-200,  208- 
210,  261 

basal  rate  considerations,  24-25 
carotenoids,  328-329,  350 
copper,  129 
drug,  99 

gender  differences,  20,  133,  292,  403, 
407 

iron,  129 
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selenium,  285,  286,  299,  308 
vitamin  C,  12,  43,  95,  100,  108,  130, 

133,  148,  152-153,  157,  158 
Metalloenzyme  reduction,  96,  97-98 
Methionine,  284 
Methionine  sulfoxide,  45 
Methodological  considerations.  See  also 
Data  and  database  issues; 
Extrapolation  of  data;  Indicators  of 
nutrient  adequacy;  Uncertainty 
AIs,  63-66 

alpha-tocopherol,  59,  65,  67,  68-69 
animal  studies,  58-59,  459 
carotenoids,  16,  68-69,  339,  359,  404 
children,  65-66 
data  limitations,  62-63 
depletion/repletion  studies,  59,  402-403 
dietary  intakes,  68,  69,  313,  359,  385- 
386 

EARs,  65-66,  402-404 
epidemiological  studies,  127-128 
in  extrapolation  of  data,  62,  65-66 
human  feeding  studies,  59 
infants,  63-65,  66 
intervention  trials,  58,  61 
kinetic  modeling  of  body  pools,  209- 
210,  403 

laboratory  assays,  67,  160,  404 
lactation,  67 

measurement  errors,  68,  69,  313,  359, 
385-386 

nutrient  intake  estimates,  67-69,  247, 
339,  385,  404-405 

observational  studies,  59-61,  127-128 
pathways  to  nutrient  requirements,  63 
pregnancy,  67 

randomized  clinical  trials,  61 
RDAs,  66 

in  risk  assessment,  458-461 
types  of  data  used,  58-63 
vitamin  C,  67,  68-69,  127-128,  139-140 
weighing  the  evidence,  61-62 
Minnesota  Cancer  Prevention  Research 
Unit,  353 

Monocyte  adhesion,  103 
Monounsaturated  fatty  acids,  226 
Mortality  from  chronic  disease,  14,  339- 
342,  351 

MRC/BHF  Heart  Protection  Study,  38-39 
Multiple  Risk  Factor  Intervention  Trial, 
343 

Multiple  sclerosis,  50 


Myelin,  98 

Myeloperoxidase,  108,  109,  140 
Myocardial  infarction,  36-41,  47,  159,  214- 
215,  216,  238,  241,  312,  347 
Myocarditis,  287 

N 

National  Cancer  Institute,  154 

Five-a-Day  for  Better  Health  Program, 
351 

National  Health  and  Nutrition 

Examination  Survey  I  (NHANES  I), 
Epidemiological  Follow-up  Study, 
122,  124,  126,  219 
National  Health  and  Nutrition 

Examination  Survey  II  (NHANES 

II) ,  121,  152,  235,  248 
National  Health  and  Nutrition 

Examination  Survey  III  (NHANES 

III) 

anthropometric  data,  31,  32-33 
carotenoids,  330,  358,  361,  364,  369, 
448-457 
defined,  466 
design,  69 

energy  intakes,  68,  69 
fat  intakes,  68,  69,  247,  396 
selenium,  16,  69-70,  309,  310,  399,  428- 
431,  446-447 

serum  values  of  nutrients,  440-457 
supplement  data,  70 
total  intakes,  388,  389,  420-421,  426- 
427,  430-431 

vitamin  C,  15-16,  69-70,  133,  155,  165, 
387-390,  391,  416-421,  440-443 
vitamin  E  (all  forms),  16,  68,  69-70, 

210,  230,  233,  244,  245-246,  247, 
248,  259-260,  394,  422-427,  444-445 
National  Health  Interview  Survey,  70,  249, 
260,  310-311,  364-365 
National  Health  Interview  Survey 

Epidemiological  Supplement,  249 
National  Nutrition  Monitoring  System,  383 
Necrotizing  enterocolitis,  253 
Nervous  system,  19,  50,  96,  98, 131, 153,  202 
Neurodegenerative  diseases 

alpha-tocopherol  and,  19,  50,  186,  202, 
204-207,  218,  220, 221,  222,  231,  232 
iron  and,  221 

lipid  peroxidation  and,  221-223 
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oxidative  stress  and,  19,  50,  221-222 
ROS  and,  222-223 
Neuroleptic  drugs,  222-223 
Neurons,  98,  131,  202 
Neuropeptide  biosynthesis,  98 
Neurotransmitters,  95,  98,  153,  222-223 
Neutrophils 

vitamin  C  in,  12,  43,  95,  98,  99-100, 

139,  140,  141,  143,  144-146,  150,  385 
New  York  State  Cohort  Study,  123,  124 
Niacin,  225 

Nicotinamide  adenine  dinucleotide 
(NADH),  43,  96,  98,  224-225 
Nicotinamide  adenine  dinucleotide 

phosphate  (NADPH),  43,  96,  98, 
224-225 

Nitric  oxide  scavengers,  262 
Nitric  oxide  synthesis,  103 
Nitrosoproline,  106-107 
Nitrotyrosine,  45,  102,  106-107,  116 
No-Observed-Adverse-Effect  Level 
(NOAEL) 

alpha-tocopherol,  255-257 
defined,  79,  466 

extrapolation  from  LOAEL,  1 62,  256- 
257 

identification  of,  89-90,  255-256,  316 
LOAEL  used  instead  of,  91 
selenium,  314,  316 
sensitive  subpopulations  and,  92 
subchronic  to  predict  chronic,  91 
vitamin  C,  163 
Norepinephrine,  96,  98 
Normative  requirement,  22 
Nurses  Health  Study,  123,  125-126,  212,  351 
Nutrient  intakes.  See  also  Dietary  intakes; 
Exposure  assessment;  individual 
nutrients 

Canadian,  69,  154,  309,  438-439 
cooking  losses,  1 54,  356 
day-to-day  variation  adjustments,  69, 
385,  387,  390 

extrapolation  from  subchronic  to 
chronic,  257 
form  of,  83 

geographic  differences  in,  284,  288, 
309,  311-312,  315,  316,  317,  318-319 
interpretation  of,  385-359 
methodological  considerations,  67-69, 
247,  339,  385,  404-405 
public  health  implications,  404-405 


quality  of  data,  385,  390 
from  supplements,  70,  155,  244-245, 
249,  366 

total  calculated,  388,  389 
U.S.,  70,  416-431,  432-437 
Nutrient-nutrient  interactions.  See  also 
specific  entries  under  individual 
nutrients 
adverse,  74 

and  bioavailability  of  nutrients,  83, 
357-358 

energy  status  and,  224-225 
research  recommendations,  20,  407 
risk  assessment,  83 
Nutrition  Canada  Survey,  32 
Nutrition  During  Lactation  report,  28,  29 
Nutrition  labels,  16,  68,  194,  243,  393-394, 
396 

Nutritional  Factors  in  Eye  Disease  Study, 
365 

Nutritional  Prevention  of  Cancer  Study, 
38-39 

o 

0R-alkyltransferase,  106-107,  116 
Obese  individuals,  60,  385 
Observational  studies 

alpha-tocopherol,  212-213,  219,  221 
cancer,  219 

of  cardiovascular  disease,  212-213 
carotenoids,  338-339,  342-345,  346-347 
hazard  identification,  84 
methodological  issues,  59-61,  127-128 
Oils,  edible,  16,  68,  245,  246,  250,  396 
Olestra,  357 
Ophthalmoplegia,  202 
Oropharyngeal  cancers,  17,  341,  344,  346 
Osmotic  diarrhea,  13,  95,  100,  154,  161- 
162,  163,  166,  386,  393 
Oxalate  excretion,  156 
Oxidant  damage,  44-51 
Oxidant  scavengers,  95,  102,  108,  116,  124 
Oxidative  stress 

in  adults  (51+  years),  51,  148,  242 
and  age-related  macular  degeneration, 
18-19,  49 
aging  and,  44,  51 

alpha-tocopherol  and,  44-45,  51,  52, 
203,  211,  217-218,  221,  222,  223, 
242,  261 
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and  asthma,  126 
and  cancer,  17,  46-47,  218-219 
and  cardiovascular  disease,  18,  47-49, 
50,  101-102,  225 
carotenoids  and,  332 
and  cataracts,  18,  49,  350 
cholestatic  liver  disease  and,  202,  203 
copper  and,  203 
defined,  44,  466 

and  diabetes  mellitus,  19,  50-51,  217-218 
and  DNA  damage,  46-47,  109 
glutathione  and,  128,  129,  244 
indicators  of,  20,  45-52,  102,  103,  109, 
126, 128,  203,  217,  223,  407 
mechanisms  in,  44-45,  46,  47,  50 
and  neurodegenerative  disease,  19,  50, 
221-222 

physical  exercise  and,  242 
protective  enzymes,  45 
selenium,  41,  43,  44-45,  52,  285 
smoking  and,  43,  48,  102,  130,  131, 132 
vitamin  C  and,  12,  43,  95,  101-102, 

109,  126,  128,  130,  131,  132,  148, 
152,  162,  166 

8-Oxy-7,8-dihydro-2'-deoxyguanosine  (8- 
oxodG),  46,  110,  112,  466 
Oxygen  demand,  156,  161 
Oxygen  radical  absorbance  capacity 
(ORAC)  assay,  46 
Ozone,  108 

P 

Pancreatic  cancer,  124 
Parkinson’s  disease,  19,  50,  221-222 
Passive  smokers,  132,  146,  153 
Pauling,  Linus,  126-127 
Pectin,  357 

Pentane,  203,  231,  334-337 
Peptide  hormones,  amidation  of,  96,  98 
Peptidyl-glycine  monoxygenase,  96 
Periodontal  health,  120, 156,  160,  161,  166 
Peripheral  artery  disease,  216 
Peroxynitrate,  45 
Phospholipase  A2,  196,  212,  223 
Phospholipid  transfer  protein,  197 
Photosensitivity  disorders,  366 
Physical  exams,  164 
Physical  exercise,  153,  242 
Physicians’  Health  Study  I,  38-39,  345-346, 
367 


Physicians’  Health  Study  II,  40-41,  252 
Plant  phenolic  compounds,  225 
Plasma  concentration  of  nutrients.  See 
individual  nutrients 

Platelet  effects,  196,  211,  212,  218,  253 
Polyp  Prevention  Study,  36-37 
Polyunsaturated  fatty  acids  (PUFAs) 
alpha-tocopherol  and,  38-39,  195,  215, 
225-226,  233,  235,  248 
metabolism,  226 

Pregnancy.  See  also  Lactation;  individual 
nutrients 

alcohol  and  drug  abuse,  150 
aspirin  use,  150 
derivation  of  DRIs  for,  67 
eclampsia,  149 

lipid  peroxidation  and,  150-151 
methodological  considerations,  67 
premature  birth,  149 
and  smoking,  132,  149,  150-151 
special  considerations,  150-151 
ULs,  82 
Probucol,  357 

Proline,  98,  99,  106-107,  118-119 
Pro-oxidant  effects  of  nutrients,  129,  156, 
159-160,  161,  166 
Prostacyclin,  196,  212,  223 
Prostaglandin  synthesis,  99 
Prostate  cancer,  213-214,  219,  220,  290- 
291,  344-345,  368,  371 
Protein,  dietary 
oxidation,  222 
requirements  for  growth,  66 
Protein-energy  malnutrition,  202,  404 
Protein  kinase  C  inhibitors,  196,  211,  223 
Proteoglycans,  98 
Puberty.  See  also  Adolescents 
pubertal  development,  30,  33 

Q 

Quercetin,  129 

R 

Race/ ethnicity 

and  puberty  onset,  30 
and  smoking,  132 
and  vitamin  C,  132 
Radiation,  ionizing,  46,  112,  130 
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Randomized  clinical  trials,  61 
Reactive  nitrogen  species  (RNS) 
and  cardiovascular  disease,  216 
and  DNA  damage,  116 
measure  of  activity,  102,  106-107,  1 16 
mechanism  of  action,  44 
myeloperoxidase-derived,  109,  140 
vitamin  C  and,  98,  102,  106-107,  109, 
124,  140 

Reactive  oxygen  species  (ROS) 
and  cardiovascular  disease,  216 
and  gastric  cancer,  106-107,  116,  124 
and  infectious  and  inflammatory 
stresses,  103 

mechanism  of  action,  44 

and  n eurodegen erative  diseases,  222-223 

smoking  and,  131 

sources  of,  46 

vitamin  C  and,  98,  102,  103,  106-107, 
116,  124,  131 

Recommendations.  See  also  Research 
recommendations 
food  composition  data,  19,  396-397 
Recommended  Dietary  Allowances 

(RDAs) .  See  also  individual  nutrients 
AI  compared,  4,  25-26,  138 
children,  66 

coefficient  of  variation,  66 
criteria  used  to  derive,  10-11 
defined,  3,  5,  7,  22,  23,  24 
EAR  and,  2-4,  23-25 
indicators  of  nutrient  adequacy,  6-13 
method  used  to  set,  23-25,  66 
uses,  4,  15,  23,  383,  391,  392 
Recommended  Dietary  Allowances  (reports), 

21 

Reference  body  weight  ratio  method,  65-66 
alpha-tocopherol,  231 
selenium,  299 
vitamin  C,  138 

Reference  weights  and  heights,  31-32 
Renal  disease/failurc,  31,  50,  312 
vitamin  C  and,  157,  160,  164 
Reproductive  disorders,  368 
Requirement,  defined,  21 
Research  recommendations 
adverse  effects,  21,  406 
alpha-tocopherol,  2,  20,  260-262, 406-407 
approach  to  setting,  19-20,  401-402 
carotenoids,  2,  20,  371-372,  403-404, 
406-407 


dietary  intakes,  165-166,  406 
kinetic  modeling  of  body  pools,  403 
priorities,  20,  140,  406-407 
selenium,  2,  20,  318-319,  406-407 
vitamin  C,  2,  20,  140,  165-166,  406-407 
Respiratory^  burst,  108 
Respirator)'  distress  syndrome,  108,  312 
Retinaldehydc  binding  protein,  197 
Retinol/retinoic  acid,  36-37,  328,  332, 

355,  356,  367 

Retinopathy,  50,  202,  208-209,  259,  368 
Rheumatoid  arthritis,  108 
Riboflavin,  225 

Risk  assessment,  defined,  75,  467 
Risk  assessment  models.  See  also  Dose- 
response  assessment;  Exposure 
assessment;  Hazard  identification; 
Risk  characterization 
application  to  nutrients,  80-83 
basic  concepts,  13,  75-76 
bioavailability  considerations,  82-83 
default  options,  460 
defined,  75,  467 
and  food  safety,  75-80 
inference  options,  460 
methodological  considerations,  458-461 
nutrient  interactions,  83 
process,  76-78 
sensitivity  of  individuals,  82 
special  problems  with  nutrients,  80-81 
thresholds,  78-80 
uncertainties,  76,  79-80,  458-461 
Risk  characterization,  92-94 
alpha-tocopherol,  260 
carotenoids,  369-371 
defined,  75,  77,  78,  467 
process,  92-93 
selenium,  13,  317-318 
vitamin  C,  165 
Risk  management,  76,  467 

s 

Scurvy 

infants,  135,  159,  161,  162,  163-164, 

166 

rebound,  156,  158-159,  162,  163,  166 
vitamin  C  deficiency  and,  98,  100,  101, 
119,  120,  135,  139,  145,  150,  156, 
158-159,  162,  163,  166 
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Selenium,  284-324 

absorption,  285-286,  306 
adolescents,  28 7,  299-300,  306,  307, 
308,  315-316 

adults  (19-50  years),  284,  300-305,  306- 

308,  313-315,  399 

adults  (51+ years),  70,  305-306 
adverse  effects,  284,  311-313,  399,  407 
AIs,  10-11,  65,  292-299,  507 
animal  studies,  287,  290,  301,  302 
bioavailability,  284,  291-292,  306,  307, 
399 

in  blood,  288-289,  301-302,  310,  312, 
313,  314,  318,  446-447 
body  stores,  286,  313 
breath  excretion,  313 
and  cancer,  36-41,  290-291,  319,  367 
and  cardiovascular  disease,  40-41,  287, 
288 

children,  25,  65,  287,  288,  292,  299- 
300,  301-302,  315-316,  318,  403 
critical  endpoint,  313 
deficiency,  43,  287,  298 
dose-response  assessment,  313-316 
in  drinking  water,  309-310,  311,  317, 
399 

EARs,  10-11,  25,  299-304,  305,  306,  307 
excretion,  285,  286-287,  291,  313 
exposure  assessment,  317 
factors  affecting  requirements,  291-292 
fetal,  67,  306 

food  sources,  286,  292,  298-299,  308, 

309,  397 

forms  of,  285-286,  308,  312,  314,  468 
in  fortified  foods,  286,  310,  399 
functions,  43,  284,  285,  302 
gender  and,  292,  299,  403 
geographic  differences,  284,  309,  311- 
312,  315,  316,  317,  318-319 
in  hair  and  nails,  288,  313,  399 
hazard  identification,  311-313 
in  human  milk,  292-298,  307,  315,  316, 
386 

indicators  of  adequacy,  10-11,  12,  43, 
287-291,  301-302,  312-313,  318 
infants,  65,  287,  292-299,  307,  315-316, 
386,  392,  399 

intakes,  16,  284,  308-311,  317,  397-399, 
428-431 

interaction  with  other  nutrients,  36-37, 
40-41,  285,  290,  367 


intervention  studies,  2,  36-41,  290,  303- 
304,  311,  318,  319,  367,  405 
and  Kashin-Beck  disease,  12,  43,  287, 
465 

and  Keshan  disease,  12,  43,  287,  288, 
292,  299-300,  301-302,  304,  403, 

465 

lactation,  67,  293,  294-297,  307-308, 

315 

by  life-stage  group,  10-11,  14,  292-308, 
313-316,  428-431,  446-447 
and  lipid  peroxidation,  287 
metabolism,  285,  286,  299,  308 
method  used  to  set  AI,  65,  292-298 
NOAEL/LOAEL,  314,  316,  318 
and  oxidative  stress,  41,  43,  44-45,  52, 
285 

pregnancy,  67,  287,  306-307,  315 
radiolabeled,  291 

RDAs,  2,  10-11,  12,  284,  300,  304-307, 
308,  318,  507 

research  recommendations,  20,  318- 
319 

smokers,  367 

soil  content,  16,  293,  298,  308,  397 
supplements,  286,  292,  310-311,  312, 
317,  399 

and  thyroid  disorders,  287 
ULs,  13,  14,  26-27,  284,  311-318,  391, 
399 

uncertainty  assessment,  314,  315,  316 
Selenocysteine,  284,  285,  286,  289,  291- 
292,  308,  399,  468 

Selenomethionine,  284-285,  286,  289,  291, 
303,  307,  308,  312,  313,  314,  399, 
468 

Selenophosphate  synthetase,  285 
Selenoprotein  P,  289,  290,  301-302 
Selenoproteins 
absorption,  285 

antioxidant  role,  41 ,  44-45,  284,  285 
in  blood,  288,  289-290,  303,  304,  310 
defined,  285 

functions,  12,  43,  285,  318 
as  indices  of  selenium  status,  12,  43, 
301-302,  312-313 
sources,  284-285 
synthesis,  286,  289,  291,  301 
Selenosis,  284 
acute,  312 

biochemical  indicators  of,  312-313,  315 
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chronic,  311-312 
defined,  468 

form  of  intake  and,  312,  314 
overt  signs  of,  315 
risk  characterization,  13,  317-318 
Semen,  98 
Sensitivity 

delayed  dermal,  117,  118-119,  220 
interindividual  variability,  91,  82,  257 
Sepsis,  253 
Serum 

alpha-carotene,  450-451 
alpha-tocopherol,  236,  444-445 
beta-carotene,  448-449 
beta-cryptoxanthin,  452-453 
cholesterol,  235 
lutein  and  zeaxanthin,  454-455 
lycopene,  456-457 

vitamin  C,  121,  132,  133,  152,  153,  156, 
440-443 

vitamin  E  (all  forms) ,  444-445 
Sjogren’s  syndrome,  101 
Skeletal  myopathy,  202 
Skin  cancer,  36-39,  290,  339 
Skin  Cancer  Prevention  Study,  36-37 
Smokers  and  smoking 

and  alpha-tocopherol,  36-37,  213-214, 
216,  219,  238,  242-243,  252,  367,  406 
AMD,  18,  49 

cardiovascular  disease,  37-39,  48-49, 
103,  106-107,  131,  216,  238,  252, 

347 

and  carotenoids,  18,  36-39,  49,  330, 
331,  334-337,  344,  345,  347,  351, 

359,  366-371,  372,  405,  406 
cataracts,  351 

dietary  intakes,  130,  359,  360 
DNA  damage,  110-113,  130-131,  360 
endothelium-dependent  vasodilation , 
106-107,  131 
lactating,  132 
LDLs,  130,  132,  153 
lipid  peroxidation,  104-105,  130,  131, 
132,  150-151 

lung  cancer,  36-39,  124,  213-214,  219, 

360,  366-371,  372,  405,  406 
metabolism  of  nutrients,  43 
organic  free  radicals  per  puff,  132 
and  oropharyngeal  cancers,  344 
oxidative  stress,  43,  48,  102,  130,  131, 

132 


passive,  132,  146,  153 
pregnant,  132,  149,  150-151 
prostate  cancer,  219 
racial/ethnic  differences,  132 
research  needs,  403 
and  ROS,  131 
and  selenium,  367 
special  considerations,  150-151,  152- 
153,  160-161,  164-165 
and  vitamin  C,  12,  43,  95,  102,  103, 
104-105,  108,  110-113,  124,  130-132, 
146,  149,  150-151,  152-153,  242, 

390,  393 

Socioeconomic  status,  and  nutrient  status, 
101,  136-137 
Special  considerations 
adolescents,  358 

alcohol  and  drug  abusers,  150,  360 
alpha-tocopherol,  241-243,  259 
body  size  and  composition  extremes, 
242 

cancer,  241 

cardiovascular  disease,  241-242 
carotenoids,  358-360 
drug  interactions,  150,  259 
emotional  stress,  153 
glucose-6-phosphate  dehydrogenase 
deficiency,  160-161,  164 
hemochromatosis,  160,  164 
identification  of,  87-88 
infants,  160,  259 
and  NOAEL/LOAEL,  92 
passive  smokers,  153 
physical  exercise,  153,  242 
in  pregnancy,  150 
renal  disorders,  160,  164 
smokers,  150-151,  152-153,  242-243, 
359-360 

ULs,  87-88,  92,  164-165,  259 
vitamin  C,  150-151,  152-153,  160-161, 
164-165 

vitamin  K  deficiency,  259 
Sperm,  8-oxodG,  109,  110-111 
Spinocerebellar  ataxia,  202 
Steroid  hormone  biosynthesis,  96,  98,  99, 
153 

Stomach  cancer.  See  Gastric  cancer 
Stroke,  36-41,  121,  214,  216,  252,  254,  346- 
347,  406 

Superoxide,  103,  140-141,  211,  223 
Superoxide  dismutase,  45,  222 
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Supplements,  dietary.  See  also  individual 
nutrients 

bioavailability  of  nutrients,  191,  224, 
251,  355,  357,  399 
data  sources  on  intake,  70 
form  of  nutrient  in,  192,  251,  286,  292, 
312,  399 

gender  differences,  70,  246-247,  260 
intakes  from,  70,  155,  244-245,  249, 
310-311 

multivitamin,  244, 246-247, 310, 386,  395 
quality  of,  317 
shelf  life,  190-191 

ULs  and,  5,  26,  74,  155,  165,  249,  259, 
310,  317,  396,  397 
units,  191,  244-245,  394-397 
usage,  70 
SUVIMAX,  40-41 

Systemic  conditioning,  156,  158-159,  161 

T 

Tardive  dyskinesia  (TD),  222-223 
Teratogenicity  of  nutrients,  315 
Thiobarbituric  acid  reactive  substances 
(TBARS),  45,  103,  104-105,  131, 
203,  217,  334-335,  468 
Thioredoxin  reductases,  285 
Thrombin,  211,  223 
Thrombophlebitis,  253 
Thromboxane,  217 
Thyroid  disorders,  287,  315 
Tocopherol.  See  Alpha-tocopherol; 

Vitamin  E 

Tocotrienols.  See  Vitamin  E 
Toddlers,  29-30 
Tolerable,  defined,  26,  73 
Tolerable  Upper  Intake  Levels.  See  also 

Dose-response  assessment;  Hazard 
identification;  Risk  assessment 
models;  individual  nutrients 
appropropriateness  of  intakes  above, 
13,  27,  74,  155,  165,  249,  260,  311, 
317-318,  369-371 
children,  33 
critical  endpoints,  88-89 
defined,  3,  4,  5,  7-8,  26,  73,  91-92,  468 
derivation  of,  7-8,  13,  26,  75,  80-83,  91- 
92,  162,  257,  315,  316 
development  steps,  84-92 
fortification  of  foods  and,  5,  26,  74 


by  life-stage  groups,  14 
supplement  use  and,  5,  26-27,  80-81 
uses,  5-6,  15,  74,  383,  386,  391,  392- 
393,  398 

Total  Antioxidant  Capacity,  104-105 
Total  radical-trapping  antioxidant 
_  capability  (TRAP)  assay,  45 
Toxicity 

experimental  data,  86 
mechanism  of  action,  87 
Triiodothyronine,  315 
Trolox  equivalent  antioxidant  capacity 
(TEAC)  assay,  46 
Tropical  sprue,  220 
Tumor  necrosis  factor-alpha,  338 
Tyrosine  metabolism,  45,  96 

u 

Ubiquinols,  224 
Uncertainty 

alpha-tocopherol,  91,  231-232,  256-257 
assessment,  90-91,  162,  256-257,  315, 
316 

dose-response  assessment  for  ULs,  88- 
92 

in  dietary  assessment  methods,  68,  248, 
385,  396 

extrapolation  from  experimental 
animals  to  humans,  76,  79,  91 
factor,  79,  89,  90-91,  162,  256-257,  315, 
468 

in  risk  assessment,  76,  79-80,  458-461 
selenium,  315,  316 
sources  of,  256,  314,  386 
vitamin  C  data,  139-140,  162 
United  States  Pharmacopeia,  191 
Uric  acid  excretion,  156,  157 
U.S.  Department  of  Agriculture,  69,  135, 
154,  343,  361 

U.S.  Department  of  Health  and  Human 
Services,  69 

U.S.  Dietary  Guidelines,  351 
U.S.  Health  Professionals  Follow-up  Study, 
122,  290,  344,  347,  351 

V 

Vascular  cell  adhesion  molecule-1  (VCAM- 
1),  196,  212,  223 
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Vasodilation 

alpha-tocopherol  and,  196,  210 
endothelium-dependent,  106-107,  131 
smoking  and,  131 
vitamin  C  and,  103,  106-107,  131 
Vegan  s/vegetarians,  247,  297,  309 
Vegetables.  See  Fruits  and  vegetables 
Very  low  density  lipoproteins,  104-105, 

197 

Vitamin  A 

carotenoids  and,  12-14,  36-37,  43-44, 
325,  326,  327,  328,  330,  331,  338, 
343,  352,  355,  356,  366,  367,  371, 
372,  403,  467 
children,  338,  356 
deficiency,  43,  325,  338,  356,  371 
and  DNA  damage  and  repair,  112-113 
intakes,  352 
and  lactation,  355 
vitamin  C  and,  112-113 
Vitamin  B12,  156,  158,  161 
Vitamin  C  (ascorbic  acid),  95-185.  See  also 
Dehydroascorbic  acid 
absorption  and  transport,  99-100,  103, 
108,  128,  140,  147-148,  155,  157 
adolescents,  65,  138-139,  149-151,  162- 
163 

adults  (19-50  years),  12,  95,  121-122, 
126,  139-147,  149-151,  154,  157, 
161-162,  386,  387-390,  391,  392, 
393,  438-439 

adults  (55+ years),  101,  118-119,  121, 
133,  147-149,  154,  155,  157,  438-439 
adverse  effects,  13,  95,  100,  155-161, 
386,  407 

AIs,  6-7,  134-138,  507 
and  alcohol/drug  abuse,  101,  150 
allergic  response,  160,  161 
animal  studies,  59,  103,  120,  131,  140 
antioxidant  role,  43,  44-45,  52,  95,  96, 
98-99,  101-109,  116,  124-125,  139- 
143,  146,  154,  166 
and  asthma,  1 26 

and  attention-deficit  disorder,  163 
and  beta-carotene,  102,  109,  110-111 
bioavailability,  99,  128 
and  blood  coagulation,  99,  101 
body  pool,  100,  103,  132,  140,  142, 
145,  152-153,  166,  225,  403 
and  bone  growth,  101 


and  cancer,  36-37,  40-41,  106-107,  113- 
116,  123-125,  127,  128,  160 
and  cardiovascular  disease,  18,  38-41, 
101-102,  103,  106-107,  109,  121-122, 
127,  128,  131,  346-347 
and  carnitine  biosynthesis,  95,  96,  99, 
120,  153,  166 

and  cataracts,  18,  98,  125-126,  127 
chemistry,  95-96,  97 
children,  25,  65,  138-139,  161,  162-163, 
166 

and  cholesterol,  99 
and  chronic  obstructive  ptilmonary 
disease,  126,  127 

and  cognitive  function,  19,  50,  127 
and  collagen  metabolism,  95,  96,  98, 
99,  101,  118-119,  166 
and  common  cold,  117,  126-127,  163 
and  connective  tissue  synthesis,  98,  101 
and  copper,  96,  97-98,  128,  129,  156, 
159-160,  161 
data  selection,  161 
deficiency  effects,  98,  99,  101,  108, 

119,  120,  145,  148,  149 
and  dental  enamel  erosion,  156,  160, 
161 

dependence,  156,  158-159,  162,  163, 
166 

depletion/repletion  studies,  108,  117, 
140,  143-145,  148,  402-403 
and  DNA  damage  and  repair,  98,  106- 
107,  109-115,  116,  130-131,  160 
dose-response  assessment  for  ULs,  161- 
165 

EARs,  6-7,  23,  45,  65,  139,  146-151,  390 
emotional  stress  and,  153 
and  endothelial  dysfunction,  103,  106- 
107,  131 

erythrocyte,  140 

excretion,  12,  43,  95,  100,  140,  142, 

144,  147,  148,  151,  157,  158,  164 
exposure  assessment,  165 
and  factors  affecting  requirement,  128- 
133 

fetal,  67,  149,  150,  163,  166 
and  flavonoids,  98-99,  102,  128,  129 
food  sources,  101,  130,  154,  392 
functions,  12,  43,  95,  96-99,  165-166 
gastrointestinal  effects,  95,  100,  102, 
106-107,  124-125,  156,  161-162,  163, 
166,  386,  393 


INDEX 


505 


gender  and,  2,  12,  65,  95,  101,  121, 

122, 124,  126,  133, 146-147,  154, 
387-390 

and  glucose-6-phosphate 

dehydrogenase  deficiency,  160-161, 
164 

and  glutathione,  43,  96,  98,  99,  103, 
105,  109-110,  126,  128,  129 
hazard  identification,  155-161 
and  hemostatic  dysfunction,  131 
and  high-altitude  resistance,  160 
in  human  milk,  101,  132,  134-138,  151, 
164,  386 

and  immune  function,  108, 117-119, 127 
indicators  of  adequacy,  6-7,  11,  101-128 
infants,  65,  101,  129,  134-138,  159-160, 
161,  162,  163-164,  386,  392 
and  inflammatory  stress,  103,  108,  130 
intakes,  15-16,  95,  135,  138,  154-155, 
165-166,  387-390,  393,  416-421,  432- 
435,  438-439 

interaction  with  drugs,  99,  150 
interaction  with  other  nutrients,  38-41, 
96,  97-99,  102,  109,  110-113,  118- 

119,  120,  128-129,  156,  158,  159, 
160,  161, 164, 166,  224-225,  285,  332 

international  comparisons,  121,  123, 
124,  127,  135,  153 
intervention  trials,  38-39,  405 
intracellular  recycling,  108 
and  iron,  96,  97-98,  99,  109,  118-119, 

120,  128,  129,  158,  159,  160,  161, 
164,  166 

and  kidney  stone  formation,  156,  157, 
160,  161 

laboratory  values,  67 
and  lactation,  67,  134H35,  136-137, 
151-152,  164 

and  LDLs,  98,  101-102,  104^105,  109, 

132,  153 

in  leukocytes,  43,  95,  103,  108-109, 
110-111,  130,  133,  139,  140,  141, 
142,  144,  146,  147,  148,  150 
by  life-stage  group,  6-7,  14,  134-153, 
161-164,  416-421,  432-435,  440-443 
and  lipid  peroxidation,  45,  95,  98,  102, 
104-105,  109,  116,  130,  131,  132, 
146,  150-151,  153,  159 
in  lymphocytes,  99-100 
metabolism,  12,  43,  95,  100,  108,  130, 

133,  148,  152-153,  157,  158 


method  used  to  set  AIs,  134-138 
method  used  to  set  EARs,  139-145, 
147-148,  149-151 

methodological  issues,  67,  68-69,  127- 
128,  402-403 

and  nervous  system,  19,  50,  96,  98, 

131,  153 

in  neutrophils,  12,  43,  95,  98,  99-100, 
139,  140,  141,  144,  145,  146,  150, 
385 

NOAEL/LOAEL,  161-162,  163 
and  osmotic  diarrhea,  13,  95,  100,  154, 
161-162,  163,  166,  386,  393 
and  oxalate  excretion,  156 
and  oxidative  stress,  12,  43,  95,  101- 
102,  109,  126,  128,  130,  131,  132, 

148,  152,  162,  166 

and  oxygen  demand,  156,  161 
passive  smokers,  132,  146,  153 
and  periodontal  health,  120,  156,  160, 
161,  166 

and  physical  exams,  164 
and  physical  exercise,  153 
plasma  concentrations,  100,  101,  121, 
123,  126,  127,  128,  130,  132,  133, 
134-135,  140,  141,  142,  144,  146, 
147,  148,  155,  158 

and  pregnancy,  67,  82,  132,  149-151, 
159,  161,  163-164,  166 
pro-oxidant  effects,  129,  156,  159-160, 
161,  166 

race/ethnicity  and,  132 

RDAs,  2,  6-7,  12,  43,  95,  138,  139,  147, 

149,  150,  151-152,  386,  392,  507 
and  renal  disease,  157,  160,  164 
research  recommendations,  2,  20,  140, 

165-166 

and  respiratory  distress  syndrome,  108 
and  rheumatoid  arthritis,  108 
risk  characterization,  165 
RNS/ROS  and,  98,  102,  103,  106-107, 
109,  116,  124,  131,  140 
and  scurvy,  98,  100,  101,  119,  120,  135, 
139,  145,  150,  156,  158-159,  162, 
163,  166 

serum  concentrations,  121,  132,  133, 
152,  153,  156,  440-443 
smokers,  12,  43,  95,  102,  103,  104-105, 
108,  110-113,  124, 130-132,  146,  149, 
150-151,  152-153,  242,  390,  393 


506 


DIETARY  REFERENCE  INTAKES 


socioeconomic  status  and,  101,  1  SC- 
137 

special  considerations,  150-151,  1 52- 
153,  160-161,  164-165 
and  steroid  hormone  biosynthesis,  96, 
98,  99,  153 
supplements,  70,  155 
systemic  conditioning,  156,  158-159, 
161 

turnover,  43,  95,  130-131,  152-153,  158 
ULs,  13,  14,  26-27,  82,  95,  155-165, 

391,  393 

uncertainties  in  data,  140,  162 
and  uric  acid  excretion,  156,  157 
and  vitamin  A,  1 1 2-1 1 3 
vitamin  E  and,  98-99,  102,  109,  HO¬ 
IKS,  128,  129,  213,  224-225 
and  vitamin  B12,  156,  158,  161 
Vitamin  E  (all  forms),  186-293.  See  also 
Alpha-tocopherol 
absorption,  191,  193,  196,  243 
affinity  of  alpha-TTP  to  forms  of,  2,  12, 
19,  193,  195,  197-198,  243,  262 
bioavailability,  193,  194-195,  243,  404 
body  pools,  210 

conversion  factors,  244-245,  394-395 
defined,  187,  393 

food  composition  data,  68-69,  393-394 
forms  of,  2,  12,  16,  186,  187-190,  193, 
194-195,  210,  243,  262,  393-394, 
404,  406 

in  human  milk,  227,  228-229 
intakes,  68,  69-70,  186,  194,  232,  243, 
393-394,  395-396,  404,  406,  422-423 
interconversion  of  units,  191-192,  244, 
246 

serum  values,  444-445 
shelf  life,  190-191 
structure,  187-195 

units  of  activity,  186,  190  n.l,  191-195 
Vitamin  K,  252,  254-255,  256,  259 

w 

Warfarin  therapy,  252 
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For  Vitamin  C,  Vitamin  E,  Selenium,  and  Carotenoids 


DRIs 


Since  1941,  with  the  publication  of  the  first  edition  of  Recommended  Dietary 
Allowances  (RDAs),the  Food  and  Nutrition  Board  has  been  recognized  as  one  of  the 
most  authoritative  sources  of  information  on  quantitative  recommendations  for  nutri¬ 
ent  intakes  for  healthy  people.  Since  publication  of  the  last  edition  in  1989,  rising 
awareness  of  the  impact  of  nutrition  on  chronic  disease  has  dictated  an  expanded 
review  of  uses  and  misuses  of  RDAs  in  the  United  States  and  Recommended  Nutrient 
Intakes  (RNIs)  in  Canada.  Dietary  Reference  Intakes  (DRIs)  is  the  new  framework 
for  this  expanded  approach  developed  by  U.S.  and  Canadian  scientists. 

This  volume  of  Dietary  Reference  Intakes  includes  vitamin  C,  vitamin  E,  selenium, 
and  carotenoids.  The  series  includes  volumes  providing  DRIs  for  various  groups  of 
nutrients  and  food  components,  and  volumes  describing  the  scientific  framework  used 
to  develop  and  apply  DRIs. 

This  new  series  of  references  greatly  extends  the  scope  and  application  of  previous 
quantitative  nutrient  guidelines.  For  each  nutrient  evaluated,  the  book  presents  what  is 
known  about  how  the  nutrient  functions  in  the  human  body,  what  the  best  method  is 
to  determine  its  requirement,  which  factors  (smoking,  for  example)  may  affect  how  it 
works,  and  how  the  nutrient  may  be  related  to  chronic  disease  or  developmental 
abnormalities. 

Based  on  analysis  of  nutrient  metabolism  in  humans  and  data  on  intakes  in  U.S.  and 
Canadian  populations,  recommended  intakes  for  each  age  group — from  the  first  days  of 
life  through  childhood,  sexual  maturity,  midlife,  and  the  later  years — are  proposed.  The 
book  also  identifies  a  new  reference  intake,  the  UL  (Tolerable  Upper  Intake  Level), 
which,  if  consumed  consistently,  may  result  in  adverse  effects.  Dietary  Reference 
Intakes  represents  a  new  paradigm  for  the  nutrition  community. 
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